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BOOK IV. 


OF THE THEORY OF UNIVERSAL GHAVITA- 
TION. 


pretreat 


Cpivionum commenta delet dtex, nature judicia confirmat. 
CiCe DE NAT. DEORs 


ddivine, in the preceding Books, ex- 
plained the laws of the celestial motions, 
and those of the action of forces producing 
motion, we have now to compare them to- 
gether, to }carn what forces aniniate the 
solar system, to arrive without the assist- 
ance oC any hypothesis, but by strict geo- 
metrical reasoning, at the principle of unt- 
yersal gravitation from which they are 
derived. lt is in the celestial rcgions 
that the laws of mechanics arc observed 
VOL. It. B 
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with the greatest precision; on the earth 
somany causes tend to complicate their re- 
sult, that it is very difficult to unravel 
them, and still more difficult to submit 
them to calculation. But the bodies of the 
solar system, separated by immense dis- 
tances and subject to the action of a prin- 
cipal force, whose effect is easily caleu- 
lated, are not disturbed in their respective 
motions by forces sufficiently considerable 
to prevent us from including under genera! 
formulx, all the changes which a succes- 
sion of ages has produced or may hereafter 
produce in the system, There is no ques- 
tion here of vague causes, which cannot be 
submitied to analysis, aud which the ima- 
gination modifies at pleasure to accommo- 
date thein to the phenomena. The law of 
ublversal gravitation has this inesti- 
mable advantage, that it may be reduced 
to caleutation, and by a coniparison of its 
results with observation, it presents the 
most certain niethod ef verifying its exist- 
ence. We shail see that this great law of 
nature represents all fhe celestial phenome- 


“ 


na even in their minutest details, that there 
ig not one single inequality of their mo- 
tions which is not derived from it, with the 
most admirable precision, and that it ex- 
plains thecause of several singular motions, 
just perceived by astronomers, and which 
were either too complicated or too slow 
for them to recognize their law. Thus, 
so far from having to fear that new obser- 
vations will disprove this theory, we may 
be assured before-hand, that they will only 
confirm it more and more; and we may 
be assured that its consequences are equally 
certain as if they actually had been ob- 
wsrrved. ‘Fhe most profound geometry was 
indispensable to establish these theories: f 
have collected them in my Treatise of Ce- 
lestial Mechanics. I sball confine myself 
here to present the principal results of this 
work, indicating the steps that led to them, 
and explaining the reasons as far as can be 
dione without the asststance of analysis. 


CHAP. I. 


Of the Principle of Universal Gravitation, 


Or all the phenomena of the solar system, 
the elliptic: motion of the planets and of 
the comets seems the most proper to con-~ 
duct us to the general law of the forces by 
which they are animated. Observation 
has shewn that the areas described by the 
radii. vectores of the planets and comets 
about the Sun are proportional to they. 
times. Now we liave seen in Chap. II. of 
the preceding Book, that for this to take 
place, the force which deflects the path of 
these bodies from a right line must con- 
stantly be directed towards the origin of 
their radii vectores. ‘The tendeucy of the 
planets and comets to the Sun is therefore 
a necessary consequence of the proportion- 
ality of these areas to the times in which 
they are described. 


i 
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To determine the law of this tendency, 
let us suppose the planets moved in ¢ircu- 
Jar orbits, which supposition does not 
gteatly differ from the truth. ‘The squares 
of their real velocities wil! then be propor- 
tional to the squares of the radii of these 
orbits divided by the squares of the times 
of their revolutions, But by the law of 
Kepler the squares of these times are to 
each other as the cubes of their radi. 
The squares of the velocities are therefora 
reciprocally as these radii. {t has been. 
shewn above that the central forces of se+ 
vera) bodies moving in circular orbits, are 

was the squares of the velocities, divided by 
the radu of the circumferences described : 
the tendency therefore of the planets to | 
the Sun ts, reciprocally, as the squares of 
the radi of thetr orbits supposed circular. 
This hypothesis, it is true, is not rigor- 
ouslyexact, but the constant relation of the 
squares of the times to the cubes of the 
greater axes of their orbits, being inde- 
pendant of their excentricities, if is natu- 
ral to think it would subsist also in the 

BS: 
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case of the orbits being circular. , Thus, 
the Jaw of gravity towards the Sun vary- 
ing reciprocally as the square of the dis- 
tance is clearly indicated by this relation, 
analogy leads us to suppose that this law, 
which extends from one planet to another, 
subsists equally for the same planet at its 
different distances from the Sun, and its 
elliptic motion confirms this beyond a 
doubt. To comprehend this, let us fol- 
low this motion from the departure of the 
_planet from its perihelion : its velocity is 
then at its maximum, and its tendency to 
recede from the Sun, surpassing its gra- 
vity towards it, its radius vector augments_. 
and forms an obtuse angle with the direc- 
tion of its motion. The force of gravity 
towards the Sun decomposed according to 
this direction, continually diminishes the 
velocity, till it arrives at the aphelion ; at 
this point the radius vector becoming per- 
pendicular to the curve its velocity is a 
minimum, and its tendency to recede from 
the Sun being less thar its gravity towards 
it, the planet will approach it describing 
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the second part of its ellipse. In this past 
the gravity towards the Sun increases its 
velocity in the same manner as it before de- 
creased it, and the planet will arrive at its 
perihelion with its primitive velocity, and 
recommences a new revolution similar to 
the first. Now the curvature of the el- 
lipse at the aphelion and perihelion being 
the same, the radii of curvature are the 
same, and consequently the centrifugal 
forces of these two points are as the 
squares of the velocities. The sectors de- 
scribed in the same time being equal, the 
aphelion and perihelion velocities are re- 
ciprocally as the corresponding distances 
of the planet from the Sun; the scaares 
of these velocities are therefore recipro- 
cally as the squares of these same dis- 
tances: but at the perihelion and aphelion 
distances, the centrifugal forces in the. os- 
culatory circumferences are evidently equal 
to the gravity of the planet towards the 
Sun, which is therefore in the inverse pro- 
portion to the squares of these distances 
Thus the theorems of Huygens on the cen- 
B 4 
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trifugal force were sufficient to demon- 
strate the tendency of the planets towards 
the Sun: for it is highly probable that. 
this law, which extends from one planet to 
another, and which is yertfied in the same 
planet at its aphelion and perihelion, ex- 
tends also. to every part of the planetary 
orbit, and at the same time to every dis- 
tance from the Sun. But to establish it in 
an incontestable manner, it was requisite 
to determine the general expression of the 
force which, directed towards the focus of 
an ellipse, obliges a projectile to describe 
that curve. And it was Newton who de- 


monstrated that this force was reciprocally 


as the square of the radius vector. It 
was essential also todemonstrate rigorously 
that the force of gravity,towards the Sun, 
only varies in one planet from that of ano- 
ther from their different distances from it. 
This great geometrician shewed, that 
this followed necessarily from the law of 
the squares of the periodic times being re- 
ciprocally as the cubes of the distance. 
Supposing, therefore, all the planets iu 


9 


repose at the same distance from the Sun, 
and abandoned to their gravity towards its 
centre, they would descend from the same 
height in equal times 5, this result should 
kewise extend to the comets, netwith- 
standing the greater axes of their orbits 
are unknown, for we have seen in the se- 
cond Book that the siagnitude of the areas 
described by their radi vectores, supposes 
the law of the squares of their periodic 
times proportional to-the cubes of their 
axes, 

A weneral anal ysis, which embraces every 
possible result from a given law, shews 
us that not only au ellipse but any other 
conic section may be desertbed by virtue of 
the force which retains the planets in their 
orbits; a comet may therefore move in an 
hyperbola, but then it would ouly be once 
visible, and would after its apparition re- 
cede from the limits of the solar system to 
approach other suns, which it would again 
abandon, thus visiting the different gys~ 
tems that are scattered in the inmensity of 
the heavens. It is probable, considering 

BO 
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the infinite variety of nature, that such bo- 
dies exist. ‘Their apparition should be a 
very rare occurrence ; the comets we. 
usually observe, are those which, having 
closed orbits, return at the end of inter- 
vals more or less considerable, into the re- 
gions of space that are in the vicinity of 
the Sun. The satellites tend also perpe- 
tually to the Sun. If the Moon was not 
subject to its action, instead of describing 
an orbit almost circular round the earth, 
‘¢ would soon finish by abandoning it ; 
and if this satellite and those of Jupiter 
were not sollicited ¢dowards the Sun, ac~- 
cording to the same law ag the planets, 
sensible inequalities would result in their 
motions, which have not becn recognized 
by observation. The planets, comets, and. 
satellites are therefore subject to the same 
law of gravity towards the Sun. At the 
same time that the satellites move round 
their planet, the whole system of the pla- 
net and its satellites 3s carried by a com- 
mon motion and retained by the same 
force, round the Sun. Thus the relative 


h} 


motion of the planet and its satellites, 1s 
nearly the same as if the planet was at 
rest, and not acted on by any external 
force. | 

We are thus conducted witheut the 
aid of hypothesis, by a necessary conse- 
quence of the laws of the celestial motions, 
to consider the Sun as the centre of a force, 
which, extending infinitely into space, di- 
minishes as the square of the distance in- 
creases, and which attracts all bodies that 
are in the sphere of its activity. Every 
one of the laws of Kepler discovers a pro- 
perty of this attractive force. The law of 
the areas proportional to the times, shews 
us that it 1s constantly directed towards 
the centre of the Sun; the elliptic orbits 
of the planets shew that this force dimi- 
nishes as the square of the distance in- 
creases ; finally, the laws of the squares of 
the periodic times proportional to the 
cubes of the distance, demonstrate that 
the gravity of all the planets towards the 
Sun is the same at equal distances; we shall 
call this eravity the solar atiraction when 
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we speak of it as relative to the centre of 
the Sun towards which it is directed ; for 
without knowing the cause, we may by. 
one of those conceptions, common to geo- 
metricians, suppose an attractive power 
residing in the centre of the Sun. 

The errors to which observations are 
liable, and the small alterations in the el- 
liptic motion of the planets, leave a little 
uncertainty in the results which we have 
just deduced from the laws of motion; and 
it may be doubted if the solar gravity di- 
minishes exactly in the inverse ratio of the 
square of the distance. But a very small 
variation in this law, would produce a very 
sensible difference in the motions of the 
perihelia of the planetary orbits: The pe- 
rihelion of the terrestrial orbit, would have 
an annual motion of * 200’ if we only in- 
creased by one ten-thousandth part, the 
power of the distance to which the solar 
gravity is reciprocally proportional ; this 
motion is only +.36°4, aceording to obser- 
vation, and of this we shall hereafter sce 


a, 
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the cause, The law of the square of the 
distance, is then at least extremely near ; 
and its extreme simplicity should induce us 
to adopt it, as long as observations do not 
compel us to abandon it. At the same time 
we must not measure the simplicity of the 
laws ofnature by our facility of conception; 
but when those which appear to us the 
most simple, accord perfectly with obser- 
vations of the phenomena, we are justified | 
in supposing them rigorously exact. 
The gravity of the satellites towards the- 
centre of their planet, is the necessary con- 
sequence of the proportionality of the areas 
«described by their radii vectores to the 
times, and the law of the diminution of this 
force, according to the square of the dis-. 
tance, 1s indicated by the ellipticity of 
their orbits. But this ellipticity is hardly 
to be perceived in the orbits of the satellites 
of Jupiter, Saturn, and Uranus, which 
renders the law of the diminution of the 
furee difficult to ascertain by the motion of 
any one single satellite; but the constant 
ratio of the squares of the times of their 
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revolutions, with the cubes of their dis- 
tances, indicates it beyond a doubt, by de- 
monstrating, that from one satellite to. 
another, the gravity towards the planet is 
reciprocally as the square of the distance 
from its centre. 

This proof is wanting for the earth, it 
having but one satellite, but it may be sup- 
plied by the following considerations, ’ 

The force of gravity extends to the sum- 
mits of the highest mountains, and the 
smalldiminution which it there ex periences, 
doesnot permit us to doubt, but that at stil] 
greater altitudes it would also be sensible. 
Is it not natural to extend this to the Moon, - 
and to suppose that the force which retains 
if in its orbit, is its gravity towards the 
earth, in the same manner as the solar gra- 
vity retains the planets in their orbits round 
the Sun? For in fact these two forces seem 
to be of the same nature: they both of 
them penetrate the most intimate parts of 
matter, animating them with the same ve- 
locities; for we haye seen that the solar 
gravity sollicits equally all bodies placed at 
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equal distances from the Sun, and that the 

terrestrial gravity also causes all bodies to 

fall through the same height in equal 
times. 

A heavy body forcibly projected hori- 
zontally from a great height, falls on the 
earth at a great distance, describing a 
curve which is sensibly parabolic, it will 
fall still farther if the force is greater ; and 
supposing it about seyen thousand metres 
in a second, it would not fall to the Earth, 
but would circulate round it like a satellite, 
setting aside the resistance gf the air. To 
form a moon of this projectile, it must be 
taken to the height of that body, and there 
receive the same motion.of projection. 

But what compleats the demonstration 
of the identity of the moon’s tendency to- 
wards the earth with gravity, is that, to 
obtain this tendency, it is sufficient to di- 
minish the terrestrial gravity according to 
the general Jaw of the variation of the at- 
tractive force of the celestial bodies. Let 
us enter into the details that are suitable to 
the importance of this subject. 
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The force which at every instant deflects 
the Moon from the tangent of her orbit, 
causes it to describe, In one second, a space 
equal to the versed sine of the are which 
it describes in that time ; since this sine is 
the quantity thet the Moon,at the end of a 
second, deviates from the direction it had 
in the beginning. This quantity may be 
determined by the distance of the Earth, 
inferred from the lunar parallax, in parts 
of the terrestrial radius; but to obtain a 
result independent of the inequalities of 
tte Moon, we must take for the mean pa- 
rallax that part of it which 1s independent 
ofthese inequalities. This part is according 
to observation * 10041", relatively to the 
radius drawn fromthe ceutreofgravity of the 
earth, to the parallel of which the square 
of the sine of the latitude isequa!l tot. We 
select this parallel, because the attraction 
of the Earth on the points corresponding to 
its surface is, at the distance of the Moon, 
very nearly equal to the mass of the arth, 





* 56° 51" 9, 
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divided by the square of thedistance from its 
centre of gravity. The radius drawn from 
a.point of this parallel to the centre of 
. gravity ofthe Earthis 6369374 metres, from 
whence it may be computed that the force 
~ whichsollicits the Moon towards the Earth, 
causes it to fall 07°. 00101727 in one second 
of time. It will be shewn hereafter, that 
the action of the Sun dimimstes the lunar 
gravity -,th part. The preceding height 
must therefore be augmented ;+;th part, 

to render it independent of the action of 
the Sun: it then becomes 07°. 00102011. 
Butin its relative motion round the Earth, 
the Moon is sollicited by a force equal to the 
sum of the masses of the Earth and Moon, 
divided by the square of their mutual dis- 
tance; therefore to obtain the height which 
the Moon would fal! through in one second 
by the action of the Earth alone, the pre- 
ceding’ space must be diminished in’ the 
ratio of the mass of the Earth to the Sun, 
of the masses of the Earth and Moon. But 
by the phenomena of the tides, 1t appears 
that the mass of the Moon is equal +45 of 
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that of the earth, multiplying therefore 
this space by $33, we have 0°. 00100300 
for the height which the Moon falls through 
mm one second by the action of the Earth. 
Let us now compare this height with 
that which results from observation made 
on the pendulum. Under the parallel 
above mentioned, the length ofthe pendu- 
lum vibrating seconds 1s (byChapter XII. 
Book T.) equal te 3™°.65706. But on this 
parallel, the attraction of the Earth is less 
than the force of gravity by + of the cen- 
trifugal force due to the motion or nota- 
tion of the Earth at the equator; and this 
force is =+;th part of that of gravity; the 
preceding space must therefore be aug- 
mented ~}+,d part, to have the space due 
to the action of terrestrial gravity alone, 
which on this parallel is equal to the mass 
divided by the square of the terrestrial 
radius, we shall therefore have 57°, 66533 
for thisspace. At the distance ofthe Moon 
it should be diminished in the ratio of the 
square of the radius of the terrestrial sphe- 
roid to the enuare of the distanee af the 
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‘Moon: for this it is sufficient to multiply 
it by the square of the tangent of the 
lunar parallax, or + 10541’, this will give 
0", 00100483 for the height which the 
“ Moonshould fall through in one second by 
’ the attraction of the Earth. This quantity 
derived from experiments on the pendulum, 
differs very little from that which results 
from direct observation of the lunar pa- 
rallax : to make them coincide, it 1s suffi- 
cient to diminish the parallax * 6”, and to 
reduce it to $10535". This is the parallax 
resulting from the theory of gravity, dif- 
fering only +2>>th part from that derived 
from direct observation, to which I think 
it preferable, considering the exactness of 
the elements from which it is computed. 
Jt would be sufficient to diminish a little 
the mass of the Moon, to obtain by this 
theory of gravity the same parallax that is 
given by observation: but all the pheno- 
mena of the tides concur in giving to this 





satellite a mass more considerable, and 
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such very nearly as we have used in the 
above computation. But however that 
may be, the small difference between the 
two parallaxes is within the limits of the 
errors of observation, and of the elements 
euployed in the calculation. It is then 
certain, that the force which retains the 
Moon in its orbit is the terrestrial gravity 
diminished in proportion to the square of 
the distance. Thus the law of the dimi- 
nution of gravity, which, in planets ac- 
companied by several satellites, is proved 
by a comparison of their periodic times 
with their distances, is demoustrated for 
the Moon, by comparing its motion with 
that of projectiles at the surface of the 
arth. 

The observations of the pendulum made 
on the summits of mountains had already 
indicated this diminution of the terrestrial 
gravity; but they were insufficient to dis- 
cover the law, because of the small height 
of the most elevated mountains, compared 
with the radius of the Earth; it was requi- 
site to finda body very remote from us, as 


al 
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the Moon, to render the Jaw perceptible, 
and to convince us that the force of gravity 
onthe Marth is ouly a particular case of a 
force which pervades the whole universe. 
~ Every phenomenon throws new light and 
‘comfirms the Jaws of nature. . It is thus 
that the comparison of experiments on 
gravity with the lunar motion, shews us, 
that the origin of the distances of the Sun 
and of the planets in the calculation of their 
attractive forces, should be placed in their 
centres of gravity; for it is evident this 
takes place on the Earth, whose attractive 
force is of the same nature as that of the. 
Sun and planets. 

. The Sun, and those planets. which are 
accompanied by satellites, being thus ea- 
dowed with an attractive force varying in- 
versely as the square of the distance, a 


- strong analogy leads us to attribute the 


sane property to the other planets. ‘he 
spherical figure coimion to all these bodies, 
indicates that their particles are united 
round their centers of gravity by a ferce 
which, at equal distances. equally sollieite 
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them towards these points; but the follow- 
ing considerations leave no doubt on this 
subject. | 
We have seen that if the planets and th 

comets were placed at the same distance 
from the Sun, their gravity towards it 
would be in propertion to their masses: 
now it isa general law in nature, that action 
and reaction are equa! and contrary, all 
these bodies therefore react on the Sun, and 
attract 'in proportion to their masses ; they 
are therefore endowed with an attractive 

force proportional to their masses, and in-— 
versely as the square of the distance. By. 
the same principle the satellites attract the 
planets and the Sun according to the same 
law, This attractive property then is comé 
mon to all the celestial bodies: it does not 
disturb the elliptic motion round the Sun, 
when we consider only their mutua! action; 
for the relative motion of the bodies of a 
system are not changed by giving them a 
common velocity: by impressing therefore, 
in a contrary direction to the Sun and to 
the nlanet. the motion of the first of these 


hot 
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two bodies, and tiie scion which it expe- 
riences on the part cf ite second, the Sun 
may be considered as immovable; but the 

planet will be sollicited towards it with a 
force reciprocally as the squares of the 
. distance and pre portional to the sum of the 
masses: itsmotion round the Sun will there- 
fore be elliptic. Aud we sec by the same 
reasoning: that it would be go if the planet 
and Sun were carried through space, with 
a motion common to each of them. . It dag 
equally evident that the elliptic motianof 
a satellite is not disturbed by the motion 
of translation of its planet, nor would-it be 
by the action of the Sun, if it was always 
exactly the same on the satellite and the 
planet. Nevertheless, the action of a planet 
on the Sun influences the length ofits revo- 
lution, which is dimiished as the mass of 
the planet is more considerable, so that the 
relation of the square of its periodic time to 
the cube of the major axis of its orbit, de- 
pends onitsmass. But since this relation 
1s nearly the same for all the planets, their 
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pared with that of the Sun, which is equal- 
ly free for the satellites with respect to 
their principal planets.. This we may readily 
suppose from the smallness of their yo- 
lumes, 3 | 7 
. Phe attractive property of the heayerly 
bodies does not ouly belong to them in a 
Mass, but belongs to each of their particles, 
If the Sun only acted on the centre of the 
Harth, without attracting particularlyevery 
one of its particles, there would arise in 
the ocean oscillations infinitely more con- 
‘siderable, and very different from those 
which we observe. The gravity of the 
Earth therefore to the Sun is the result of 
the gravity of all its particles, which con- 
sequently attract the Cun in proportion to 
their respective masses; besides each body 
on the earth, tends towards its centre pro- 
portionally to its mass, it reacts therefore, 
on it, and attracts it in the same. ratio. Jf 
that was not the case, and if any part of 
the Earth, however smal), attracted another 
part without being attracted by it, the 
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virtue of the force of gravity, which is 
im possible. : 

The celestial phenomena compared with 
the laws of motion, conduct us therefore, 
_ to this great principle of nature, namely, 
that all the particles of matter attract each 
other in proportion to their masses, and 
inversely as the squares of their distance. 

Already we may perceive in thiswniver- 
sal pravitation the cause of the perturba-~ 
tions to which the heavenly bodies are sub- 
ject; for the planets and comets being sub- 
ject to the action of each other, they must 
deviate a little from the laws of the elliptic 
motion, which they would otherwise ex- 
aetly follow, ifthey only obeyed the action 
of the Sun. The satellites also deranged in 
their motions round their planets by their 
mutual action and that of the Sun, de- 
viate a little from these laws. 

We perceive, then, thatthe particles of 
the heavenly bodies, united by their at- 
traction, should form a mass nearly sphe- 
vical; and that the result of their action at 
the surface of the body. should nradwna 
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all the phenomena of gravitation. We sec, 
moreover, that the motion of rotation of 
the celestial bodies should slightly alter 
their spherical figure, and flatten them at 
the poles ; and then the resulting force of 
all their mutual actions not passing through 
their centres of gravity, should produce in 
their-axes of rotation similar motions to 
those discovered by observation. Finally, 
we may perceive why the particles of the 
ocean, unequaily acted on by the Sun and 
Moon, should have oscillations similar to 
the ebbing and flowing of the tides. But 
these different effects of the principle of 
gravitation, must be particularly developed 
to give it all the certainty of which physi- 
cal truth 1s susceptible. 


CHAP. IL. 


Of the Masses of the Plancts, and of Gravity 
at ther Surface. 


Is appears on the first view of the subject 


impossible to determine the respective mas- 
ses of the Sunand planets, and to measure 
the height from which bodies full ina given 
time, from the action of gravity at their 
surface. But the connection of truths 
with each other conducts us to results 
which appeared inaccessible, when the 
principle on which they depend was un- 
known, Thus the measure of the intensi- 
ty of gravity at the surface of the planets is 
rendered practicable by the discovery of 
universal gravitation. Let us return to 
ihe theorems on centrifugal force given 
in the preceding book. ‘The result de- 
rived from them is, that the gravity of a 
satellite towards its planet is to the gra- 
vity of the Earth towards the Sun, as the 
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divided by the square of the time ai 
its sidereal revolution, is to the mean 
distance of the Earth from the Sun, 
divided by the square of a sidereal year. 
To reduce these gravities to the same dis- 
tance from the bodies which produce them, 
they must be multiplied respectively by the 
squares of the radu of the orbits which 
they describe. And as at equal distances 
the masses are proportional to their at- 
tractions, the mass of the Earth 1s to 
that of the Sun, as the cube of the mean 
radius of the orbit of the satellite, 
divided by the square of the time of 
its sidereal revolution, 1s to the cube 
ofthe mean distance of the Earth from the 
Sun, divided by the square of the sidereal 
year. Let this result be applied to Jupi- 
ter. For this purpose we shall observe 
that the mean radius of the orbit of the 
fourth satellite subtends at the mean dis- 
tance of Jupiter from the Sun an angle of 
#1530” 86, seen at the mean distance of 
@ 2 15" 9. 
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the Earth from the Sun, this radius ap- 
péeats under an angle of * 796475; the 
radius of the circle contains + 636619” 8: 


thus the mean radii of the orbits of the 
fourth satellite, and of the terrestrial or- 


bit, are in the proportion of these two last 
numbers. The duration of the sidereal re- 
volution of the fourth satellite is [ 16 


6890, and the sidereal year is § 365° 2564. 


Setting out from these data the mass of 
Jupiter is found to be +s;¢.57, that of the 
Sun being represented by unity. ‘To ob- 
tain greater exactness, it is necessary to 
augment by unity the denominator of this 
fraction, because the force which retains 





Jupiter in its relative orbit round the Sun, 


' 


‘ig the sum of the attractions of the Sun and 


of Jupiter. The mass of this planet then ig 

rtez. Ihave determined by the same 
method the masses of Saturn and of Ura- 
nus. That ofthe Earth may be calcula- 


ted in the same manner, but the following 
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method is yet more precise. If the mean 
distance of the Earth from the Sun be 
taken for unity, the are described by the 
Earth in a second of time, will be the pro- 
portion of the circumferenec, to radius, 
divided by the number of seconds in the 
sidereal year,or by *386525638" 4 ; dividing 
the square of this arc by the diameter, we 
shall get 1442455 for its versed sine, 1t Is 
the quantity which the Earth fallstowards 
the Sun during one second, In consequence 
ofits relative motion round it, It has 
been seen, in the preceding chapter, that 
upon the terrestrial parallel, the sine of the 
latitude of which is 4, the attraction of the 
Ea: th causes bodies to fallthrough theHarth 
3™°- 66553 in one second. To reduce this 
attraction to the mean distance of the 
Earth from the Sun, it must be multiphed 
by the square of the sine of the solar pa- 
rallax, and this product divided by the. 
number of metres contained in this distance. 
Now the terrestrial radius, upon the’ pa- 
rallel we are considering, is 6569374 me- 


3] 


tres;dividing this number, therefore, by the 
sine of the solar parallax, or by * 27° 2, we 
shall get the mean radius of the terrestrial 
orbit expressed in metres. It follows 
from hence that the effect of the l:arth’s 
attraction at the mean distance of this 
planet from the Sun, isequal to the pro- 
duct of the fraction 22555; by the cube 
of the sine of 27" 2; itisconsequently equal 
to 4485s: taking this fraction from 


fo20 
475985 6 § ‘ r4a7985 40 5 
7936s we shall have 4725608 for the 
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effect of the Sun’s attraction at the same 
distance. ‘The masses of the Sun and 
Earth aretherefore in the proportion of the 
numbers 1479560.5 and 4.48855 ; from 
whence it follows that the mass of the Earth 
is sasi-ve Ifthe parallax of the Sunis a lit- 
tle different from what we have admitted, 
the value of the mass of the Earth should 
vary as the cube of this parallax compared 
to that of 27" 2. 

The following dcterminations of the 
masses of those planets which have no sa- 
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tellites, have been obtained by the secular — 
changes which the action of these bodies 
produces in the elements of the solar sys- 
tem. I have determined the masses of 
Venus and Mars from the secular dimi- 
nution of the obliquity of the ecliptic, sup- 
posed tobe * 154" 3, and from the aecelera- 
tion of the Moon’s mean motion, fixing: it 
at $34.36 for the first century, setting 
out from F700. The mass of Mercury has 
been determined by its volume, supposing 
the densities of this planet and of the 
Earth inversely as their mean distances 
from the Sun. An hypothesis really very 
precarious, but which corresponds with 
sufficient exactness to the respective den- 
sities of the Earth, Jupiter and Saturn. 
It will be necessary to rectify all these va- 
lues when time shall have demonstrated 
more correctly the secular variations in 
the celestial motions and orbits. 

The masses of those planets which are 
accompanied by satellites should be also 
rectified by very precise observations of 
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the greatest elongation of the patellite 


from their planets, without neglecting the 
consideration of the ellipticity of their 
orbits. 

~Musses of the Planets, that of the Sun 
being taken as unity. | 


Mercury . . .%. . xeeters 
Venus - ee ee ke) TRE 
The Earth . oe ew FITETS 
Mars rr oe 
Jupiter . 8 8 «8 TCT, Ss 
Saturn . oe lke TITTTS 


Uranus , . . 0 Teher 


The densities of bodies are proportional 
totheir masses divided by their volumes, 
and when they are nearly spherical their vo- 
lumes are as the cubes of their radii. Their 


- densities therefore are as their masses divid- 


ed by the cubes of their radii ; but to obtain 
greater accuracy, that radius of a planet 
must be taken which corresponds to that 
parallei,the square of the sine of whose la- 
titude is +,and which is equal to one third 
of the sun of the radius of the pole, added 
to twice the radius of the equator, Itisthus 
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found that taking the mean density of the 
Sun for unity, those of the Earth, Jupiter, 
Saturo, and Uranus are 3.9393, O.860T, 
0.4951 and 1.1376, __ : 

We ought to observe that the error in 
the measures of the apparent diameter 
of the planets, Pid the itradiation, which 
we have not considered on account of the 
great difficulty of appreciating it, may in- 
fluence these calculations very perceptibly. 
We shal] again observe that the preceding 
value of the density of the Earth is inde- 
pendent of the solar parallax ; for both its 
mass and volume, compared to the Sun, in- 
crease as the cube of this parallax, 

The measures of the greatest elonga- 
tions of satellites from their planets merit 
particularly the attention of ebservers, 
since on this depends the knowledge of the 
masses and densities of the planets. New- 
ton has proposed a very simple method to 
divest the apparent diamcter of the effect 
ofirradiation. It consists in observing, du- 
ring the night,the light of a lamp through 
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ance, and small enough only to suffer a 
part of the light to be visible. The bril- 
liance of the light and the opening is to be 
diminished till the lamp appears exactly the 
same size and brightness as the planet ; the 
proportion of the opening to the distance 
ofthe observer, will give with great pre- 
cision the diameter of th@ planet. The 
appearances of Saturn’s ring may be thus 
represented, the dimensions of the interior 
and: exterior ring measured, concerning’ 
which irradiation produces so much un- 
certamty. To obtain the intensity of 
gravitation at the surface of the Sun and 
planets, let us consider that if Jupiter, and 
the Earth were exactly spherical, and de- 
prived oftheir rotatory motion, gravity 
at their equators would be proportionate 
_ to the masses of these bodies, divided by 
the squares of their diameters ; now at the 
mean distance from the Sun to the Earth, 
Jupiter’s equatorial diameter 1s *626’26, 
and that of the Earth’s equator is ¢ 54” ; 
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representing then the weight of a body at 
the terrestrial equator by unity, the weight 
of this body transported to the equator of 
Jupiter would be 2,509, but this weight 
must be diminished by about a ninth from 
the effects of the centrifugal force due to 
the rotation of these planets. The same 
body would wegh 27,65 at the equator of 
the Sun, and falling bodies would describe 
one hundred metres in the first second of 
their descent. 
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CHAP. UT. 


Of the Perturbations of the Elliptic Motion of 
the Planctg | 


Js the planets only obeyed the action of the 
Sun, they would revolve round it in ellip- 
tic orbits, but they act mutually upon each 
other and upon the Sun, and from these 
various attractions there result perturba- 
tions in their elliptic motions, which are 
to a certain degree perceived by observa- 
tion, and which it is necessary to deter- 
mine to have exact tables of the planetary 
motions. The rigorous solution of this | 
problem, surpasses at present the powers 
of analysis, and we are obliged to have re- 
course to approximations. Fortunately 
the smallness of the masses compared to 
the Sun, and the smallness of their excen- 
tricity and inclination of their orbits, affords 
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considerable facility to this object. It is still, 
however, sufficiently complicated, and the 
most delicate and intricate analysis 1s re-_ 
quisite to detect among the infinite num- 
ber of inequalities to which the planets are 
subject, those which are sensible to obser- 
vation and to assign their values. 

The pertucbaftons of the elliptic mo- 
. tion of the planets may be divided into two 
distinct classes. Those of the first class 
affect the elliptic motion of the planets, 
they increase with extreme slowness and 
are called secular inequalities. The other 
class depends on the configurations of the 
planets, both with respect to each other and 
to their nodes and perihelia, and being re- 
established every time these configura- 
tions become the same, they have beeu 
called periodical mequalitics to distin- 
guish them from secular inequalities, 
which are equally periodic but whose pe- 
riods are much longer and independent of 
the mutual configurations of the planets. 

The most simple manner of considering 
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faese various perturbations, consists in 
. imagining a planet moving according to 
the. laws of the elliptic motion upon an 
ellipse whose elements vary by impercep- 
tible gradations, and conceiving atthe same 
time the true planet to oscillate round the 
imaginary planet in a sm&l} orbit, the na- 
ture of which must depend on its periodic 
inequalities. Thus its secular inequalities 
are represented hy the imaginary planet, 
and its periodic inequalities by its motion 
round this same planet. 

Let us first consider those secular inequa- 
lities which, by developing themselves, m 
the course of ages, should change at length 
both the form and position of the planetary 
orbits. ‘Fhe most important of these ine- 
qualities is that which may affect the 
mean motion of the plancts. By compar- 
ing together the observations which have 
been made since the re-establishment of as- 
tronomy, the motion of Jupiter appears to 
be quicker and that of Saturn slower, than 
by a comparison of the same observations 
with those of the ancient astronomers : 
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from which it has been inferred that the 
first of these motions has accelerated, while 
the second has retarded from one century 
to another. And to take into account 
these variations, astronomers have introdu- 
ced into their tables of planets, two secu- 
lar equations increasing with the squares 
of the times, one additive to the motion of 
Jupiter, the other subtractive from that 
of Saturn. According to Halley the secular 
equation of Jupiter is *106"02 for the first 
century reckoned from 1700, the corres- 
ponding equation of Saturn is $156”94. 
lt was natural to look for the cause of 
these equaiions in the mutual actions of 
these two planets, the most considerable 
of oursystem. Euler, who first directed 
his attention to this problem, found a se- 
cular equation, equal for beth the planets, 
and additive to their mean motions, which 
is inconsistent with observation. La- 
grange obtained a result which accorded 
more nearly with them, Other geome- 
tricians obtained other equations. Struck 
ne 


7 41 
: with this difference, I examined again 
this subject, applying the greatest possible 
care to the investigation, and I arrived 
at the true analytical expression for — 
the secular inequality of the mean mo- 
‘tions of the planets. In substituting 
the numerical values, relative to Jupi- 
ter and Saturn in this expression, I 
was surprised to find that it became equal 
to nothing. I suspected that this was not 
peculiar to these planets, and that if this 
expression was put in the most simple 
form of which it was susceptible, (by re- 
ducing to the least possible number the 
diferent quantities which it contains by 
means of the relations which subsist between 
them) all its terms would destroy each 
other. Calculation confirmed this sus- 
_ picion, and taught me that, in general, 
the mean motions of the planets and their 
distances from the Sun are invariable ; at 
least when we neglect the fourth powers 
of the excentricities and inclinations of 
the orbits, and the squares of the pertur- 
hating masses, which is more than sufficient 
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fur the actual purposes of astronomy. 
Lagrange has since confirmed this result, 
and shewn, by a beautiful method, that it 
iseven true, when the powers and products 
of any order whatever of the excentricities 
and inclinations are taken into the calcula-— 
tion, Thus the variations of the mean 
motions of Jupiter aud Saturn do not de- 
pend on their secular inequalities. 

The permanency of the mean motion of 
the planets and of the preater axes of their 
orbits, 1s one of the most remarkable phe- 
nomena in-thesystem of the world. All 
the other elements of the planetary ellip- 
sesare variable, all these ellipses approach 
to and depart insensibly from the circular 
form ; their inclination to a fixed plane or 
to the ecliptic augments and diminishes, 
and their perihelia and nodes are conti- 
nually changing their places. These va- 
riations which are performed with extreme 
slowness, arise from the mutual actions of 
the planets on each other, and require se- 
veral centuries for theircompletion. ‘They 
are nearly proportional tothe times. They 
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have already become apparent by obser- 
vation; we have seen, in the first Book, 
that the perihelion of the Karth’s orbit has 
a directannual motion of *36”7, and that 
its inclination to the equator diminishes 
_ everycentury ¢i54” 3. It was Euler that 
first investigated the cause of this diminu- 
tion, which all the planets contribute to 
produce by the respective situation of the 
planes of their orbits. The ancient ob- 
servations are not exact enough, and the 
modern are too near each other to fix the 
exact quantity of these great changes, 
nevertheless they combine to prove their 
existence, and to shew that their progress is 
the same as is conformable to the law of 
gravitation, If we knew exactly the mas- 
ses of the planets, future observations 
might be anticipated, and the true values 
assigned to the secular inequalities of the 
planets ; but we only know the masses of 
those planets which are accompanied by 
satellites, the masses of the others can only 
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bedetermined whenthe progress of time 
shall have fully developed the quantity of 
these inequalities from whence these mas- 
ses are to be computed. We maythen in 
imagination look back to the successive 
changes which the planetary system has 
undergone, and foretell those which future 
ages will offer to astronomers, and the geo- 
metrician will at once comprehend in his 
formule both the past and future state of 
the world. The table of Chap. V. of the 
second Book, contains the secular variation 
which results from the preceding masses 
which we have assigned to the planets. | 
Many interesting questions here present 
themselves to our notice. Have the pla- 
netary ellipses always been, and will they 
always be nearly circular? Among the 
number of the planets have any of them 
ever been comets whose orbits have gra- 
dually approached to the circular form by 
the mutual] attractions of the other planets? 
Will the obliquity of the ecliptic conti- 
nuaily diminish till at length it coincides 
with the equator, and the days and nirhté4 
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become equal on the earth throughout the 
year? Analysis answers these questions, 
ina most satisfactory manver. I have 
succeeded in demonstrating that whatever 
be the masses of the planets, in as much as 
they all move in the same direction, in or- 
bits of small excentricity, and little inchi- 
ned to each other; their secular inequalities 
will be periodic, and contained within nar- 
row limits, sothat the planetary system will 
only oscillate about a mean state, from 
which it will deviate but by a very small 
quantity; the planetary ellipses therefore 
always have been, and always will be nearly 
circular, from whence it follows that no 
planet has ever been a comet, at least if we 
only calculate upon the mutual actions of 
the planetary system. The ecliptic will never 
coincide with the equator, and the whole 
extent of its variations will not exceed 
* three degrees. 

The motions of the planetary orbits and 
of the stars will one day embarrass astrono- 
mers when they attempt to compare pre- 
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cise observations separated by long inter- 
vals of time ; already this difficulty begins 
to be manifest ; it would be interesting 
therefore to find some plane that should re- 
main invariable, that, is constantly pa- 
rallel to itself during all these changes. 
There fortunately exists such a one, which 
possesses this remarkable property,to which 
the orbits of the planets may be referred, 
just as naturally as the motion of asystem 
of bodies to its centre of gravity, ‘This 
plane may easily be determined by the 
following rule. 

If, at any instant of time whatever, and 
upon any plane passing through the centre 
of the Sun, we draw straight lines to the as- 
ceniding nodes of the planetary orbits refer- 
red to thisplane,and if we take on these lines, 
reckoning from the centre of the Sun, lines 
equal to the tangents of the inclinations of 
these orbits to this planc ; and if at the ex- 
iremities of these lines we suppose masses 
equal to the masses of the planets multi- 
plied respectively into the square roots of 
ihe parameters of their orbits, and bv the 
cosines of their inclinations: and lasily, if 
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we determine the centre of gravity of this 
new system of masses, then the straight 
line drawn from the centre of the Sun to 
this point will be the tangent of the incli- 
nation of the invartable plane to the as- 
‘sumed plane ; and continuing this line to the 
heavens, it will there mark its ascending 
node. 

Whatever changes the succession of ages 
may produce in the planetary orbits, and 
whatever be the plane to which they are 
referred, the plane determined by this rule 
will always be the same. It is true its 
position depends on the masses of the pla- 
nets; but those which have satellites have 
_ the greatest influence on its position, and 
the masses of the others will soon be suf- 
ficiently known to determine it with exact- 
ness. Inadopting the preceding values 
of the planets, and the elements of their or- 
bits, as given in Chap.V. Book II. we 
findthat the longitude of the ascending 
nodes of the invariable plane was * }}4° 
3877 at the commencement of 1750, and at 
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was * 1° 719. In this computation we have 
neglected the comets, which nevertheless 
dizht to enter into the determination of 
the invariable plane, since they make part 
of,the solar system. It would be easy to 
include them in the preceding rule, if their 
masses and the elements of their orbits 
were known. But in our present igno~ 
rance of the nature of these objects, we 
suppose their masses too small to in- 
fluence the planetary system, and this is 
the more probable, since the theory of the 
mutual attraction of the planets suffices to 
explain all the inequalities observed in 
their motions. But if the action of the 
comets should become sensible in length 
of time, it should principally affect 
the position of the plane, which we 
suppose invariable, and in this new point 
of view the consideration of this plane will 
still be useful, ifthe variations of this plane 
could be recognised, which would be at- 
tended with great difficulties, 

The theory of the secular and periodic 





49 


equalities of the motions of the planets, 
founded on the law of universal gravita- 
tion, has givento our astronomical tables 
a precision which proves the correctness 
and utility of this theory. By its megns — 
: thesolar tables which before deviated} two 
minutes from the observations, have acquir- 
ed the same precisionas the observations 
themselves. Itis particularly in the mo- 
tions of Jupiter and Saturn that these ine- 
qualities are most sensible, but they pre- 
sent themselves under a form so complhica- 
ted, and the length of their periods is so 
' considerable, that it would have required. 
several ages to have determined their law 
by observations alone, which has in this in- 
_ stance been anticipated by theory. 

After having established the invartabi- 
lity of the mean motions of the planets, I 
suspected that the alterations observed in 
the mean motions of Jupiter and Saturn 
proceeded from the action of comets. La- 
lande had remarked in the motion of Sa- 
turn, irregularities which did not appear 
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to depend on the action of Jupiter : he 
found its returns to the verna) exquinox 
more rapid thanits returns to the autum- 
nal equinox, although the positions of Ju- 
Pijgr and Saturn both to each other and 
to their aphelia, were nearly the same. 
Lambert jikewise observed that the mean 


motion of Saturn which seemed to dimi- 





nish from century to century by the compa- 
rison of antient with modern observations, 
appeared on the contrary to accelerate by 
the comparison of modern observations 
with each other, at the same time that 
Jupiter presented phenomena exactly con- 
trary. All this seemed to indicate that 
causes independent of the action of Jupi- 
ter and Saturn en each other had alter- 
ed their motions. But on mature reflec- 
tions, the order of the variations observed 
in the mean motions of these planets, 
appeared to me to agree so well with 
the theory of their mutual attraction, that 
1 did not hesitate to reject ihe hypothe- 
sis of a foreign cause. 

Itisa remarkable result of the mutual 
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if we only consider the inequalities which 
have very long periods, the sum of the 
masses of every planet, divided respectively 
by the greater axis of their orbits, is al- 
ways pretty nearly constant. From tage it 
' follows that the squares of the mean mo- 
tions being reciprocally as the cubes of 
these axes, if the motion of Saturn is retard- 
ed by the action of Jupiter, that of Jupiter. 
should be accelerated by the action of Sa- 
turn, which is conformable to observation. 
I perceived, moreover, that the law of these 
variations was the same as corresponded to 
the preceding theory. In supposing with 
Halley the retardation of Saturn to be 
* 25694 for the first century, reckoned from 
1700, the corresponding acceleration of 
Jupiter should be + 10980, and Halley © 
found { 106’U2 by observation. It was 
therefore very probable that the variations 
observed in the mean motions of Jupiter 
and Saturn, were the effects of their mutual 
action; and since it is certain that this 
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action cannot produce any inequality either 
constantly increasing’ or periodic, but of 
a period independent of the configuration 
of these planets, and that it cannot effect 
in Meuy irregularities but what are rela- 
tive to this configuration, it was natural to 
think that there existed i their theory a 
considerable inequality of this kind, of a 
very long period, and which was the cause 
of these variations. 

- "Phe inequalities of this kind, although 
verysmalland almost insensible in differentia) 
equations, augment considerably in the in- 
tegrations,and may acquire very great values 
in the expressions of the longitudes of the 
planets, Leasily recognized the existence of 
similar inequalities inthe differential equa- 
tions of.the motions of Jupiter and Saturn. 
These motions become yery nearly commen- 
aurable; and five times the mean motion of 
Saturn is very nearly equal to twice that of 
Jupiter: from which I concluded that the 
terms which have for their argument five 
times the mean longitude of Saturn, minus 
twice that of Jupiter, might by integration 
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become very sensible, although multiplied 
by the rifics and products of three dimen- 
sions of the excentricities and ruclinations 
of the orbits. I considered therefore that 
these terms were the probable cause o@the 
variations observed in the mean motions of 
these planets. ‘The probability of this 
cause, and the importance of the object, 
determined me to undertake the laborious 
calculation, necessary to determine this 
question. ‘The result of this calculation 
fully confirmed my conjecture ; and if ap- 
peared, that in the first place there exists in 
the theary of Saturn a great inequality of 
© 9027°7 at its maximum, and of whichthe 
period is 917} years; and, secondly, that 
the motion of Jupiter issubject to a similar 
inequality, whose period and law are the 
same, but its amount is only T 3$56"5. It 1s 
to these two inequalities, formerly unknown, 
that we must attributethe apparent retar- 
| dation of Saturn, and apparent accelera- 

tion of Jupiter. These phenomena attain- 
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ed their maximum about the year 1560 : 
since this epoch, their mean apparent mo- 
tions have approximated to their true mean 
motions, and they were equal in 1790. 
Thig explains the reason why Halley, in 
comparing the antient and modern observa- 
tions, found the mean motion of Saturn 
slower, and that of Jupiter more rapid 
than by the comparison of moddh observa- 
tions with each other, instead of which 
these last indicated to Lambert an accele- 
ration in the motion of Saturn, and a re- 
tardation in that of Jupiter. And it is 
very remarkable that the quantities of these 
phenomena, deduced from observation 
alone by Halley and Lambert, are very 
nearly the same as result from the two 
great inequalities which. I have just men- 
tioned. If astronomy had been revived four 
centuries and a half later, the observations 
would have presented the contrary pheno- 
mena, Themean motions which theastro- 
nomy of any people have assigned toJupiter 
and Saturn, may afford us information con- 
cerning the time of its foundation. Thus 
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it appears that the Indian astronomers de- 
termined the mean motions of these planets, 
in that part of the pertod of the preceding 
- inequalities, when the motion of Saturn was 

the slowest, and that of Jupiter the gnost 
' sapid. Two of their principal astronomt- 
cal epochs, the one 3102 A.C. the other 
1491 A.C. answer nearly to this condition. 
The near Mcommensurable relation that ex- 
ists in the motious of Jupiter and Saturn, 
occasions other very perceptibleinequalities, 
the most cousiderable of which affects the 
motion of Saturn; it would be entirely 
confounded in the equation of the centre, if 
twice the mean motion of Jupiter was 
exactly equal to five times that of Saturn. 
The difference observed in this century in 
the intervals of the returns of Saturn to 
the equinoxes both of spring and autumn, 
arises principally from this cause. 

In general, when I had recognised these 
various inequalities, and examined more 
carefully than had been done before, those 
which had been submitted to calculation, 
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of the raotions of these two planets adapted 
themselves naturally to the theory; they 
before had seemed to form an exception to 
ihe law of universal gravitation; they are 
now become one of the most striking ex~ 
amples of its truth. Such has been the fate 
of this brilliant discovery, that every diffi- 
culty that has arisen has only furnished a 
new subject of triumph for it, Mich isthe 
most indubitable characteristic of the true 
system of nature. 

t cannot in this place refram from mak- 
ing a comparison of the real effects of this 
relation between the mean motion of Ju- 
piter and Saturn, with those which astrolo- 
gy had attributed to it. In consequence of 
this relation, if the conjunction of the two 
planets arrives in the first point of Artes, 
it will in twenty years afterwards take place 
in Sagittarius, and in twenty years after- 
wards in Leo, it will continue to take place 
in these three signs for nearly two hundred 
years. In the same manner in the next two 
hundred years, it will go through the signs 
Tanrus, Capricornus, and Virgo. Is the: 
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next two hundred years it will proceed 
through the signs Gemini, Aquarius, and 
Libra ; and finally, in the last two hundred 
years it willdeseribe the remaining signs 
Cancer, Pisces, and Scorpio; after which 
it will again begin with the sigu Aries as 
before. From hence arises a great year, 
each season of which is cqual to two cen- 
turies. “Mhey attributed different tempe- 
ratures to the different seasons of this year, 
as likewise to the signs which belonged to 
them. The assemblage of these three 
signs was called a ¢trigon. The first trigon 
wasthat of Fire, the second of Karth, the 
third of Air, and the fourth of Water.— 
We may easily imagine that astrology made 
great use of these trigons, which even 
Kepler himself describes with great exact- 
ness, in several of his works: but it 1s very 
remarkable that sound astronomy in dissi-~ 
pating the tmaginary influence that was 
supposed to attend this relation in the mao- 
tion of the two planets, should have recog- 
nised in the harmeny of this relation, the 
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source of the greatest perturbations of the 
planetary system. 

The planet Uranus, though lately dis- 
covered, offers already incontestable indi- 
cations of the perturbations which it expe- 
riences from the action of Jupiter and Sa- 
turn. ‘The laws of elliptic motion do not 
exactly satisfy its observed positions, and 
to represent them its perturbati@ns must be 
considered. Their theory, by a very re- 
markable comcidence, places it in the years 
1769, 1756, and 1690, in the same points 
of the heavens, where Monnier, Mayor, 
and Flamstead, had determined the posi- 
tion of three stars, which cannot be found 
at present: this leaves no doubt of the 
identity of these stars with the new planet. 


CHAP. IV. 


Of the Perturbations te the Elliptic Motion of 
Comets. 


Tue action of the planets produces, in the 
motion of comets, inequalities which are 
principally sensible in the intervals of their 
returns to the perihelion, Walley having 
remarked that the elements of the orbits 
of the comets observed in 153), 1607, and 
4682, were nearly the same, concluded that 
they belonged to the same comet which in 
the space of Lol years had made two revo- 
lutions, It is true that the period of the 
first revolution is thirteen months longer 
than the secoud. But this great astronomer 
thought, and with reason, that the at- 
traction of the planets, particularly of 
Jupiter and Saturn, night have occasioned 
this difference, and after a vague estimation 
p 6 
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of this action for the course of the follow- 
ing period, he judged that it should retard. 
the return of the comet, and he fixed it 
for the end of 1758, or the commencement 
of 1759. This prediction was too Im port- 
ant in itself, and too intimate] ¥ connected 
with the theory of universa) gravitation, not 
to excite the curiosity of a)] those who were. 
interested in the progress of the sciences : 
for about this time geometricians were very 
much engaged in extending the application 
of this theory. During the whole year of 
J757, astronomers looked for this comet ; 
and Clairaut, who had been one of the first 
to solve the problem of the three bodies, 
applied his solution to the determination of. 
the inequalities whieh the comet had sus- 
tained by the action of Jupiter and Saturn. 
The I4ih November, 708, he announced 
in the academy of sciences, that the inter- 
val of the return of the comet to its perihe- 
lion, would be 618 days longer in the pre- 
sent actual period than in the former one, 
and that consequently the comet would pass 
its perihelion about the middle of Aprile 
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1739, He observed, at the same time, that 
the small quantities neglected in this ap- 
proximate calculation, might advance or 
retard this term a month. That moreover, 
a body which passes into regions so remote, 
and which escapes our sight during such 
long intervals, may be subject to the action 
of forces entirely unknown, as the attraction 
of other comets, or even of some planet, 
whose distance is too great to be ever vi- 
sible tous. This philosopher had the sa- 
tisfaction of seeing his prediction accom- 
plished; the comet passed its perihelion the 
ith March, 1759, within the limits ofthe 
errors of which he thought his results sus- 
ceptible. After a new revision of his cal- 
culations, Clairaut fixed this passage at 
the 4th of April, aud he would have 
brougnt it tothe 25th March, if he had 
employed tlie mass of Saturn, such as is 
given inchap. II. ; that is, within thirteen 
days of the actual observation. This dif- 
ference will appear very small, if we con- 
sider the great number of quantities ne- 
glected, and the influence which the planet 
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Uranus might produce, whose existence 
was at that time unknown, 

Let us remark, for the honour of the 
human understanding, that this comet, 
which in this century only excited the cu- 
riosity of astronomers and mathematicians, 
had been regarded in a very different man- 
ner, four revolutions before, when it appear 
ed in 1456. [ts long tail spread consterna- 
tion over all Europe, already terrified by 
the rapid success of the Turkish arms, 
which had just destroyed the great empire. 
Pope Callixtus, on this occasion, ordered 
‘g prayer, in which both the comet and 
the Turks were included in one anathema. 

In those times of- ignorance, mankind 
were far from thinking, thatthe only mode 
of questioning nature is by calculation and 
observation : according as phenomena suc- 
ceeded with regularity or without apparent 
order, they were supposed to depend cither 
on final causes or on chance; and whenever 
any happened which seemed out of the na- 
tural order, they were considered as somany 
signs of the anger of heaven. 
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But these imaginary causes have succes- 
sively given way to the progress of know- 
ledge, and will totally disappear in the 
presence of sound philosophy, which sees 
nothing in them, but expressions of the ig- 
— norance of the truth. 

Yo the terrors which the apparition of 
comits then inspired, succeeded the fear, 
that of the great number which traverse 
the planetary system in all directions, one 
ofthem might overturn the.earth. 

They pass so rapidly by us, that the ef- 
fects of their attraction are not to be ap- 
prehended. It is only by striking the 
earth that they can produce any disastrous 
effect. But this circumstance, though pos- 
sible, is so little probable in the course of 
acentury, and it would require such an 
extraordinary combination of circumstances 
for two bodies, so small in comparison with 
the immense space they move in, to strike 
each other, that no reasonable apprehen- 
sion can be entertained of such an event. 

Nevertheless, the small probability of 
this circumstance may, by accumulating 
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during a long succession of ages, become 
very great, It is casy to represent the ef- 
fect of such a shock upon the earth: the 
axis and motion of rotation changed, the 
waters abandoning their antient position, 
to precipitate themselves towards the new 
equator ; the greater part of men and ani- 
mals drowned in a universal deluge, or de- 
stroyed by the violence of the shock given 
to the terrestrial globe; whole species de- 
stroyed; all the monuments of human in- 
dustry reversed: such are the disasters 
which a shock of a comet would produce. 

Wesee then why the oecan has abandon- 
ed the highest mountains, on which it has 
left meontestible marks of its former 
abode: we sce why the animals and plants 
of the south may have existed in the cli- 
mates of the north, where their relics and 
impressions are stall to be found: lastly, it 
explains the short period of the existence 
of the moral world, whose earliest monu- 
ments do not go much farther back than 
three thousand years. The human race 
reduced to a small number of individuals, 
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in the most deplorable state, occupied only 
with the immediate care for their subsist- 
ence, must necessarily have lost the re- 
membrance of all scicnces and of every art; 
and when the progress of civilization has 
again created new wants, every thing was 
to be done again, as if mankind had been 
just placed upon the earth. But whatever 
may be the cause assigned by philosophers 
to these phenomena, we may be perfectly 
at case with respect to such a catastrophe 
during the short period of human life. ° 
But man is so disposed to yield to the 
dictates of fear, that the greatest conster- 
nation was excited at Paris, and communi- 
cated to the provinces in 1773, by a me- 
. mowof Lalande, in which he determin- 
ed, of those comets which had been ob- 
served, the orbits that most nearly ap- 
proached the earth; so true it is, that er- 
ror, superstition, vain terrors, and all the 
evils of ignorance are ever ready to start 
up, when the light of science is unfortu- 
nately extinguished. 
The action of comets upon the solar 
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system has been hitherto insensible, which 
seems to indicate that their masses are in- 
considerable. It is possible, however, that 
the minute errors of our best tables depend 
upon'it. Anexact theory of the perturba- 
tion of the planets, compared with very 
precise observations, is the only means of 
ascertaining this point, so important io the 
system of the world. 


CHAP, V. 


Of the Perturbations of the Motion of the Moon. 


Tus Moon is attracted at the same time 
by the Sun and by the Earth, but its mo- 
tion round the Earth is only disturbed by the 
difference of the action of the Sun upon 
these two bodics: if the Sun was at an 
infinite distance, it would act equally upon 
them, and in the direction of parallel lines ; 
their relative motion, therefore, would not 
be allected by an action which was com- 
mon to both ; butits distance, though very 
great compared with that of the Moon, 
cannot be considered as infinite: the Moon 
is alternately nearer and farther from the 
Sun than the Karth, and the straight line 
joining the centres of the Sun and Meon, 
forms angles more or less acute with the 
radtus vector of the Earth. Thus the Sun 
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acts unequally and in different directions on 
the Earth and Moon; and from this diver- 
sity of action, inequalities must necessarily 
arise in the lunar motion, depending on the 
respective positions of the Moon and Sun. 
To determine these, we must at the same. 
time consider the mutual actions and mo- 
tions of these three bodies, the Sun, the 
Earth, and the Moon, This constitutes 
the famous problem of the three bodies, the 
exact solution of which surpasses tlie 
powers of analysis; but from the proximi- 
ty of the Moon, compared with its distance 
from the Sun, and from the comparative 
smallness of its mass, an approximation 
may be obtained extremely near the truth. 
Nevertheless, the most delicate analysis is 
necessary to investigate all the terms, whose 
influence becomes sensible; of this the first 
steps that were made in this analysis afford 
sufficient proof. 

Euler, Clatraut, and Dalembert, who 
resolved this problem nearly about the same 
time, agreed in finding by the theory of 
vrravitation. the mation of the luner neri- 
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pee only half as great as it appears to be 
from obseryation. From which Clairaut 
concluded that the law of attraction was 
net quite so simple as had been imagined ; 
and he supposed it to consist of two parts, 
one varying inverscly as the squares of the 
distances, and sensible only at the great 
distance of the plancts from the Sun, and 
that the other, increasing in a greater ratio 
as the distance diminished, became sensible 
at the distance of the Moon from the Earth. 
This conclusion was vehemently opposed 
by Buffon: he maintained that since the 
primordial laws of nature should be the 
most simple possible, they could only de- 
pend on one modulus, and their expression, 
therefore, must consist of one single term. 
This consideration should no doubt lead us 
not to complicate the law of attraction, ex- 
cept in ease of extreme necessity ; at the 
same time our ignorance respecting the na- 
ture of this force, does not permit us to 
pronounce with certainty as to the simpli- 
city of its expression. However this may 
be, the metaphysician was in the right this 
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time in his contest with the mathematician, 
who retracted his error on making thisim- 
portant discovery, that by carrying on the 
approximation farther than had been done 
at first, the law of attraction, reciprocally 
as the squares of the distances, gave the 
motion of the lunar perigee, exactly con- 
formable to observation, which has since 
been confirmed by all those who have oc- 
cupied themselves on this subject. It is 
impossible without the assistance of ana- 
lysis, to explain the connection of all the 
inequalities of the Moon’s motion with the 
combined action of the Sun and Karth upon 
this satellite. We shall observe, that the 
theory of universal gravitation has not only 
explained the motion of the node and of 
the perigee of the lunar orbit, together 
with the three great inequalities known by 
the names of variation, evection, and an- 
nual equation, all which astronomers had 
already recognized; but it has likewise 
developed a great number of others less 
considerable, which it would have been al- 
most impossible to have found and ascer- 
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tained by observation alone. In proportion 
as this theory has been brought to perfec- 
tion, have the lunar tables acquired addi- 
tional precision, ‘This satellite, once so 
refractory, deviates now but little from the 
dables: but to give them that degree of 
precision, which is yet wanting, will ree 
quire investigations at least as extensive 
as those which have been already made; | 
for in every case the first steps which lead 
toa discovery, and the last which bring it 
to perfection, are the most difficult, It ts 
possible, nevertheless, without analysis to 
explain the cause of the annual variation of 
the Moon, and of its secular equation, [| 
shall the more willingly stop to explain 
_ the causes of these equations, because it 
will be seen that from them are derived the 
greatest inequalities of the Moon, which 
the course of ages nay develope to obser- 
yers, but which at the present period have 
been almost insensible. : 

In its conjunctions with the Sun, the 
Moon is nearer to it than the Earth, and 
experiences from it a more considerable 
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action; the difference of the attractions o 
the Sun upon these two bodies, tends t 
diminish the gravity of the Moon toward 
the Earth. In a similar manner in the op. 
positions of the Moen to the Sun, this sa 
tellite being farther from the Sun than th 
Earth, is more weakly attracted: thus the 
difference of the actions of the Sun tend: 
also in this case to diminish the gravity o! 
the Moon to the Earth. In cach case the 
diminution is very nearly the same, and 
equal to twice the product of the mass ot 
the Sun, by the quotient of the radius of 
_ the lunar orbit, divided by the cube of the 
distance of the Sun to the Earth. In the 
quadratures, the action of the Sun upon the 
Moon, decomposed in the direction of the 
lunar orbit, tends to augment the gravity 
of the Moon to the Earth: but this aug- 
mentation is only half the value of the di- 
minution which it experienced in the sysy- 
gies. Thus from all the actions of the Sun 
upon the Moon in the course of a synodical 
revolution, there results a mean force it 
the direction of the lunar radius vector 
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which diminishes the gravity of this satel» _ 
lite, and it ts cqual to half of the product 
of the mass of the San, by the quotient of 
the radius of the lunar orbit, divided by 
the cube of the distance of the Sun from 
‘the Earth. 

To find the ratio which this prod uct bears 
to the gravity of the Moon, we may observe, 
that this force of gravity which retains it 
in its orbit is nearly equal to the sum of the 
masses of the Earth and Moon, divided by 

the square of their mutual distance ; and 
~ the force which retains the Earth in its 
~ orbit is very nearly equal to the mass of the 
Sun divided by its distance from the Earth. 
According to the theory of central forces, 
.explained in the second Book, these two 
forces are as the radii of the orbits of the 
Sun and of the Moon, divided respectively 
by the squares of the times of their revolui— 
tions. Hence it follows that the preceding 
product istothe gravity of the Moon, as the 
.square of the time of the sidereal revolution 
of the Moon is tothe square of the time of 
the sidereal revolution of the Earth. This 
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product therefore is very nearly ++, of the 
Junar gravity, which by the mean action of 
the Moon is thus diminished by its =1-, part. 
In consequence of this diminution, the 
Moon is sustained at a greater distance from 
the Earth, than if it was abandoned entirely. 
tothe action of its own force of gravity. The 
sector described by its radius vector is not 
altered, since the force which produces it 
is in the direction of this radius, but its 
real velocity and angular motion are di- 
minished, and it is easy to see, that by 
placing the Moon at a greater distance, so 
that its centrifugal force might equal its 
gravity, diminished by the action of the. 
Sun, and that ifs radius vector might de. 
scribe’ ‘the same secfor that it would have 
described without this action; this radius, 
would be augmented by its 358th part, 
and its angular motion diminished by a, 
y79th part. | 
These quantities vary ‘reciprocally ag 
the cubes of the distances of the fun to 
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nar orbit, but this orbit contracts again, 
- asthe Sun approaches its apogee; thus the: 

Moon describes in space, a series of epi- 
~ gicloids whose centres are on the terrestrial 
orbit, and which dilate and contract as the 
~ Earth approaches or recedes from the Sun. | 
Vrom hence an inequality arises in the lu- 
tar motion, very similar to the equation of 
the centre of the Sun, with this difference 
that it retards this motion, when that of 
the Sun augments, and that it accelerates it 
when the motion of the Sun diminishes. 
These two equations are thus always af- 
fected with contrary signs. The angulec 
-motien of the Sun is, as we have shewn. 
i the first Book, reciprocally as the square 
efits distance at the perigee; this distance 
being Sth less than the mean distance, its 
atgular velocity ts angmented 4th; the 
diminution of -+,th produced by the action 
of the Sun in the lunar motion, is then 
greater by a twentieth ; the increase 
ofthis diminution is therefore the 3580th 
Sputt of this motion. Hence it follows 
Lehat the equation of the centre of the © 
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is to the annual equation of the Moon, as 
a thirtieth of the solar motion is to the 
3550th of the lunar motion, which gives 
* 2398” for the annual equation. It is 
abouta seventh part less according to ob- 
servation, this difference depends on the 
quantities that have been negiected | in this 
first calculation. 

The secular equation of the Moon is 
produced by a similar cause with the an- 
nual equation. Halley first remarked this 
equation, which Dunthorn and Mayer 
have confirmed by a profound discussion 
of the observations. These two learned 
astronomers have proved that the mean 
motion of the Moon cannot be reconciled. 
with modero observations, and with the 
eclipses observed by the Chaldeans - and: 
Arabians. They have attempted to re- 
present them by adding to the mean longi- 
tudes of this satellite a quantity propor- 
tional to the square of the number of 
centuries elapsed before or after the year 
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TOO. According to Dunthorn this quan- 
tity is * 309, for the first century: Mey- 
er made it +216, in his first tables which 
he increased to ¢ 27°8,in his last. And since 
that time Lalande, after a new investiga- 
- tion of the subject was led nearly to the 
same result ag Dunthorn. The Arabian 
observations which have been chiefly made 
use of, are two eclipses of the Sun and one 
of the Moon, observed by Ibn Junis, near 
Cairo,towards the end of the tenth century, 
and extracted some time ago from a manu- 
. script of this astronomer’s existing in the 
' library at Leyden. Doubts have risen 
, concetning . the reality of these eclipses ; 
but the translation which M. Caussin 
has lately made of the part of this va- 
luable manuscript which contains the 
.. observations has dissipated these doubts ; 

it has moreover made us acquainted with 
. twenty-five other eclipses observed by the 
_ Arabians, and which confirm the accele- 
ration of the mean motion of the Moon. 
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Besides our modern observations compared 
with the Chaldean, are sufficient to esta- 
blish the existence of the secular equation 
of the Moon. Delambre and Bouvard have 
determined, by means of a great number of 
observations both ofthe past and present 
century, the actual secular motion of this 
satellite, with a precision that leaves a very. 
slight uncertainty : they found it only * 80” 
less than that of Mayer, when the antient 
observations give a secular motion less by 
6 or ¢ 700 seconds, The lunar motion is 
therefore accelerated since the time of the 
Chaldeans, and the Arabian observations 
being made in the interval that separates 
them and confirming this supposition, it is 
impossible apy longer to question the 
truth of it. 

Now, whatis the cause of this pheno- 
menon? Does the theory of universal 
gravitation, which has so well explained 
the numerous inequalities of the Moon, 
account likewise for its secular variations ? 
These questions are the more interesting to 
recolve. because if we succeed, we shall 


79 


ebiain the Jaw of these secular variations 
ofthe Moon, for it is evident that the hy- 
nothesis of an acceleration proportional 
to the time, as admitted by astronomers, 1s 
only approxima&tive and cannot extend to 
an unlimited period. | 
This object has greatly occupied the at- 
tention of geometricians, but their resear- 
ches for a long time fruitless, having dis- 
covered nothing either in the action of 
the Sun or planets on the Moon, nor in 
the figures not exactly spherical of this 
satellite and the Earth, that could change 
the mean motion of the Moon, some reject- 
ed the secular equation altogether, others 
to explain it, had recourse to different hy- 
pothesis, such as the actions#f comets, the 
resistance of an ether, and the successive 
transmission of gravity. Yet the corre. 
spondence of the other celestial phenomena 
with the theory of gravitation is so per- 
fect, that we could not observe without 
ercat regret, that the secular variation of 
the Moon appeared to refuse to submit to 
it, and continued the only exception to 
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a general and simple law whose discovery, 
by the grandeur and variety of the objects 
which it embraces, does so much honour 
to the human understanding. This reflec- 
tion having determined me to reconsider 
this question after several attempts I was 
at last so fortunate as to discover its cause. 
The secular equation of the Moon arises 
from the action of the Sun upon this satel- 
lite combined with the variation of the ex- 
centricity of the terrestrial orbit. To form 
a just idea of this cause, we must recollect 
that the elements of the orbit of the Earth 
are subject to alteration from the aetion 
of the planets; its greater axis remains 
always the same, but its excentricity, its 
inclination to a fixed plane, and the posi- 
tion of its nodes and of its perihelion are 
incessantly changing. It must also be 
considered, that the action of the Sun up- 
on the Moon diminishes by 54, its angular 
velocity, and that this numerical co-cfti- 
elent varies reciprocally as the cube of the 
distance of the Earth from the Sun. Now 
m exnandine the inverse third power of 
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the distance, into a series arranged ac- 
cording tothe sines and cosines of the mean 
motions of the Moon, and of their multi- 
ples, taking for unity the semi-major axis of 
the terrestrial orbit; itis found that this 
_ series contains-a term equal to three times 
the half of the square of the excentricity of 
thisorbit; the expression of the diminution 
ofthe angular velocity of the Moon, con- 
tains therefore a term equal to the 179th 
part of this velocity multiplied by three 
times half the square of this excentricity, 
or what is equivalent, equal tothe produet 
of this square, by the angular velocity of 
the Moon, divided by 119.33. If the 
excentricity of the terrestrial orbit was 
~ constant, this term would be confound- | 
ed with the mean angular velocity of 
the Moon; but its variation though very 
small, has nevertheless in progress of time 
a sensible influence on the motion of the 
Moon. It is evident that this motion will 
be accelerated when the excentricity di- 
minishes, which has heen the case ever since 
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sent time, this acceleration will be chang- 
ed into a retardation, when the excentrici- 
ty arrived at its minimum will cease to de- 
crease and begin to augment, 

In the interval from 1700 to 1800, the 
square of the excentricity of the terrestrial 
orbit diminishes 0.0000015325, half the 
greater axis being taken as unity, the cor- 
responding increase in the angular velo- 
city, of the moon is therefore 0.000000012 
8425 of this velocity: thisincrease taking 
place successively and proportional to the 
time, its effect on the Mvoon’s motion is on- 
ly half what it would be if in the whole 
, course of the century it was the same as 
intheend. To determine therefore this 
effect or the secular equation ofthe Moon 
at the end ofa century, reckoning from 
1700, we must multiply the secular mo- 
tion of the Moon by the half of the very 
small increase in its angular velocity, but 
in a century the motion of the Moon is 
*9347400454, which gives +34" 337 for its 
secular equation. 
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As long as the diminution of the square 
of the excentricity of the terrestrial orbit. 
may be supposed proportional to the time, 
the secular equation of the Moon will in- 
crease sensibly as the square of the 
times ; it would be sufficient therefore to 
multiply 34°337 by the square of the num- 
ber of centuries contained between 1700and 
the time for which the calculation 1s made. 
Rut I have found that in going back to 
the observations of the Chaldeans, the term 
proportional to the cube of the times, in 
the expression in series, of the secular 
equation of the Moon, becomes sensible, 
this term is equal to {013574 for the first 
century ; it should be multiplied by the 
cube of the number of centuries reckoned 
from 1700, the product being taken as ne- 
gative for the centuries anterior to this 
‘epoch. The mean action of the Sun upon 
the Moon depends also on the inclination 
of the lunar orbit tothe ecliptic, and we 
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might suppose that the position of the 
_ecliptic being variable, there should result 
inequalities in the motion of this satellite 
similar to those produced by the diminu- 
tion ofthe excentricity of the terrestrial 
orbit; but the lunar orbit is constantly 
brought back by the action of the Sun tothe 
same inclination to that of the Earth, so 
that the greatest and least declinations of 
the Moon are, in consequence of the secular 
yariation in the obliquity of the ecliptic, 
subject to the sante changes as the decli- 
nations of the Sun. a 

This constancy in the ‘nelination of the 
Junar orbit is confirmed by alt observations 
both ancient and modern. 

The excentricity of this orbit expe- 
riences equally only an insensible aliera~ 
tion from the change of the excentricity of 
the terrestrial orbit. | 

It is not thus with the variation of the 
motion of the nodes and perigee, to which | 
attention must be paid indispensibly, in in- 
vestigations, the object ef which are to 
perfect the lunar tables. In submitting 
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these variations to analysis, I have found 
that the influence of the terms depending 
onthe square of the perturbating force, 
and which, as we have seen, double 
the mean motion of the perigee, is 
yet greater on the variation of this 

‘motion. The result of this intricate 
analysis has given me a secular equation to 
be subtracted from the mean motion of 
the perigee, and equal to thirty-three 
tenths of the secular equation of the lunar 
motion ; so that the mean motion of the 
perigee is retarded, when that of the Moon 
accelerates. I have found likewise in the 
motion of the nodes of the lunar orbit up- 
onthe true ecliptic, a secular equation to 
be added to their mean longitude, and 
equal to seven tenths of the secular 
equation of the mean motion. Thus 
the motion of the nodes is retarded like 
that of the perigee when that of the 
Moon augments, and the secular equations 
of these three motions, are constantly in 
the proportion of the numbers 7, 33, and 
10. 
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Future ages will develope these great 
inequalities which will produce one day 
’ variations at least equal to a fortieth of the 
clreumference, in the secular motion of the 
Moon, and to a twelfth of the circumference 
an that of its pertgee, These inequalities do - 
not always continue increasing,they are pe- 
riodical like those of the excentricity of the 
terrestrial orbit on which they depend, and 
do not re-establish themselves till after mil- 
lions of years. 

They must at length alter the periods 
which have been devised for the purpose 
of comprehending the entire numbers of re- 
volutions of the Moon relatively to it nodes, 
to its perigee, and to the Sun, periods 
which differ sensibly in various parts of 
the immense period of the secular equa. 
tion. 

The luni-solar period of six hundred 
years,has been rigorously exact ata certain 
period which it would be easy to find by 
analysis if the masses of the planets were 
well determined; but this determination, 
sO desirable for the perfection of astrono- 
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nomical theory, is yet wanting. Fortunate- 
ly Jupiter, whose mass we know exactly, 
is the planet which has the greatest 
influence on the secular equation on the 
Moon. . 

Already ancient observations, notwith- 
standing their imperfection, confirm these 
inequalities,and wemay trace their progress 
either in these ancient observationsor in the 
astronomical tables which have succeeded 
them tothe presenttime. We have seen 
that the ancient eclipses, had made kuown 
the acceleration of the Moon’s motton, be- 
fore the theory of gravity had developed 
the cause. | 

Jn comparing modern observations and 
the eclipses observed by the Arabians, 
Greeks,and Chaldcans,with this theory, we 
find an agreement between them that ap- 
pears surprising, when we consider the 
imperfection of ancient observations, the 
vague manucr in which they have been 
transmitted to us, and the uncertainty 
which still exists concerning the excentri- 
city of the earth’s orbit, from our doubts re- 
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specting the masses of Venus and Mars, 
The developement of the secular equa~ 
tions of the moon is one of the most pro- 
per data to determine these masses. 

It was particularly interesting to verify 
the theory of gravity, relatively to the 
secular equations of the motion of the 
Moon’s nodes and perigee, the knowledge 
of which we owe to it. Astronomers not 
having attended to these equations, in the 
comparison of ancient and modern obser- 
vations, should have found these motions 
too rapid; while at the same time they as- 
signed too small a mean motion to the Moon 
when they did not consider its secular equa- 
tion. Itis this which Bouvard has con- 
firmed by the comparison of a great num- 
ber of modern observations, Above five 
hundred observations by dela Hire, Flam- 
steed, Bradley, and Maskelyne, disposed 
in- the most favourable manner, and 
carefully discussed, have informed him 
that the secular motion of the peri- 
eee in the lunar tables inserted in the 
third edition of de Lalande’s astronomy, 
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must be diminished by about * fifteen mi- 
nutes and threc quarters. This motion 
thus erected no longer represents the an- 
cient eclipses, which from hence demon- 
strates the existence of the secular equa- 


‘tion of the perigee of the Moon. 


To discover if the magnitude of this 
equation is the same asis given by the law 


_ of universal gravitation, Bouvard has first 


compared with the tables above-mention- 


ed, twenty-one eclipses observed by the 
Greeks and Chaldeans,and this comparison 
has given him very nearly the secular 
' equation of the perigee equal to thirty- 
“three tenths of that of the mean motion : 
: thereby two eclipses observed by the 


-* Arabians have conducted him to the same 
2 -.tesult, which he has again discovered by 


E 


sixty eclipses, observed since the revival of - 


i" 
- astronomy in Europe till the commence- 


' 
i 
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ment of the present century. This re- 


“markable agreement between the results 
: drawn from observations made at such very 
, different epochs does not Icave any doubt 


concerning the existence and magnitude of 
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the secular equationofthe lunar perigee,and 
confirms inan incontestible manner the rela- | 
tion of thirty-three to ten, which the theory 
of gravity establishes between this equa- 
tion, and that of the Moon’s mean motion. 
Flouvard has also confirmed by the compa- 
rison of the same eclipses, the secular equa- 
tion ofthe nodes; and he has found that 
their motion in acentury, given Inthe ta- 
bles already cited ought to be diminished | 
by *53%" 

The mean motions and the epochs of the 
tables of the Almageste and of the Ara- 
bians, indicate evidently these three se- 
cular equations of the lunar motion. The 
tables of Ptolemy arethe result of immense 
calculations made by this astronomer and 
by: Hipparchus; the labour of Hipparchus 
has not descended to us: we only know 
from the evidence of Ptolemy, that he had 
taken the greatest care to choose eclipses 
the most advantageous to the determina- 
tion of the elements of which they were in 
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search. Ptolemy after two centuries anda 


half of new observations found nothing to 
change in the mean motion of the Moon as 
determined by Hipparchus; he corrected 
the motion of the nodes and perigee buta 


‘very small quantity; there is therefore rea- 


son to beHieve that the elements of the lu- 


nar tables of Ptolemy have been determ1- 


ned by a great number of eclipses, of which 


. he only preserved those that appeared to 
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him to coincide most with the mean re- 


' sults which had been obtained by Hippar- 


chus and himself.Eclipses only make known 
correctly the mean sinedical motion of the 
moon, and its distances from its nodes and 
its perigee: we can only then depend up- 
on these elements in the tables of the Al- 
mageste; now in going back to the first 
epoch of these tables, by means of motions 


determined only by modern observations, 
we donot find the mean distances of the 


Moon from its nodes, its perigee, and from 


the Sun, that are given in these tables at 
thisepoch, The quantities which must be 
sided to these distances, are very neas}y 
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these which result from the secular equa- 
tions; the elements of these tables confirm 
therefore atthe same time, the existence 
of these equations and the values which I 
have assigned to them. 

The motions of the Moon relative to its 
nodes, to its perigee, and to the Sun, 
being slower inthe tables of the Alma- 
geste than in our days, indicate also 
tu these three motions an acceleration 
equally indicated whether by the correc- 
tions that Albategnius eight centuries af- 
ter Ptolemy, made to the elements of these 
- tables, by comparing them with a great 
number of eclipses observed in his time ; 
or by the epochs of the tables which [bn 
Wanita constructed about the year one 
thoisand, from the assemblage of the Chal- 
dean, Greek and Arabian observations. 

It is remarkable that the diminution 0} 
the excentricity of the terrestrial orbi: 
should be much more sensible, in th 
lunar motion than in itself. This diminutio1 
which, since the most ancient eclips 
We are acquainted with, has not alterec 
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the equation of the suns centre * 15', has 
produced a+ 100° of variation in the 
Moon’s longitude, and nearly f{ 9° va- 
riation in its mean anomaly; we could 
hardly suspect it from the observations 
of Hipparchus and Plolemy. Those 
ofthe Arabians indicated it with much 
probability; but the ancient eclipses, com- 
pared with the theory of gravitation, 
leave no doubt on this subject. 

Here we see an example of the manner.in 
which phenomena as they are ‘developed, 
lead us to the knowledge oftheir true causes. 
When only the acceleration of the mean 
motion of the Moor was known, it might 
be attributed to the resistance of ether, or 
to the successive transmission of gravity. 
But analysis proves that these two causes 
cannot produce any sensible alteration in 
. the mean motion of the nodes and of the 
lunar perigee, and that alone would 
suflice to exclude them, even when the true 
cause of the variations observed in these 
motions was unknown. 
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The agreement of theory with observation 
proves that if the mean mottons of the 
Moon are altered by causes foreign to the 
principle of universal gravitation, their 
iufluence is yery small, and hitherto 
insensible, 

Some partizans of final causes have 
imagined that the Moon was given to the 
Earth to afford it light in the absence of 
the Sun. But in this case nature would 
not have attained the end proposed, since 
we are often deprived at the same time of 
the light ofeach of them. To have ac- 
complished this end it would have been 
sufficient to have placed the Moonat first 
in opposition to the Sun and in the plane of 
the ecliptic, ata distance from the Earth 
equalto one hundredth part of the distance 
of the Earth from the Sun, and to have 
given to the Earth aud to the Moon, velo- 
cities parallel and proportional to their 
distances from the Sun. — In this case the 
Moon being’ constantly in opposition to 
the Sua, would have described round it 
an ellipse stnilar to that of the Earth, 
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these two bodies would thus have succeed- 
ed each other above the horizon, and as at 
this distance the Moon would not be eclip- 
sed, its light would always replace that of 
the Sun. 

Other philosophers, struck with the sin- 
rularopinion of the Arcadians who thought 
themselves more ancient than the Moon, 
have imagined that this satellite may for- 
merly have been a comet which passing 
near the Earth may have been forced by its 
attraction to accompany it. But by re- 
ascending by analysis back imto the most 
distant ages,we find that the Moou has al- 
ways moved in an orbit nearly circular, in 
the same manner as the planets round the 
Sun, Neither, therefore, has the Moon 
nor any other satellite ever been a comet, 
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CHAP. VI. 
Of the Perturbations of the Satellites of Jupiter, 


tT. HE first inequalities which observation 
discovered in the motion of these bodies, 
are also the first whieh are derived from 
the theory of their mutual attractions. We . 
have seen in the second Book, that there. 
exists 

1. An equation in the motion of the first. 
satellite equal to * 5258", multiplied by 
the sine of double the excess of the mean | 
longitude of the first satellite above that of 
the second. 

9. An equation in the motion of the se- 
cond satellite equal to + 11925", multiplied 
by the sine of the excess of the first satel- 
lite above that of the third. | 
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3. An equation in the motion of the 

third satellite equal to * 827”, multiplied 
* by the sine of the excess of the longitude of 
the second satellite above that of the third. 

Not only the theory of gravity gives these 
7 inequalities, as Lagrange and Bailly were 
the first to remark, but it shews us also, 
what observation seemed to indicate, that 
the inequality of the second satellite is the 
result of two inequalities, of which one be- 
ing caused by the action of the first satel- 
lite, varies as the sine of the excess of the 
longitude of the first satellite above that of 
' the second; and the other, produced by 
» the action of the third, varies as the sine 
' of double the excess of the longitude of the 

second satellite above that of the third. 
“ Thus the second satellite experiences a 
. perturbation from the action of the first, 
_ similar to that which itself causes in the 
third ; and it experiences from the third a 
similar perturbation to that which itself 
causes in the first. 
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These two inequalities are combined into 
one 1n consequence of the relation which 
exists between the mean motions and the 
mean longitudes of the three first satellites, 
for the mean motion of the first satellite 
plus twice that of the third, is equal to 
three times that of the second: andthe mean 
longitude of the first satellite minus three 
times that of the second plus twice that of 
the third is caustantly equal to a semi-cir- 
eumference: but will these rélations al- 
ways exist, or are they only approximative, 
and will not the two inequalities of the se- 
cond satellite, at present combined, be se- 
parated in the course of time? It is to 
theory that we must apply for a solution 
to. this question. 

- ‘Phe approximation which the tables pave 
to the preceding relations, made me sup- 
pose that they were rigorously exact; for 
it was against all probability that chance 
should have originally placed the three first 
satellites at the precise distances and posi- 
tions suitable to the above relation: it was 
therefore extremely probable that it arose 
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from some particular cause; I looked there- 
fore for this cause in the mutual action of 
the satellites, A scrupulous investigation 
of this action; hus shewn me that 1t has 
caused these relations to be rigorously ex- 
act; from whence I concluded, that in de- 
termining again by the examination of a 
great many distant observations, the mean 
longitudes of the three first satellites, it 
would be found that they would approxi- 
mate still more to these relations, to which 
the tables should be made exactly to agree, 
I had the satisfaction of seeing this conse- 
quence of the theory confirmed, with re- 
markable precision, by the researches which 
Delambre has lately made concerning the sa- 
tellites of Jupiter. It 1s not necessary that 
these relations should have taken place exact- 
lyattheir origin, it wasenough that they did 
not greatly differ, then the mutual actions 
of the satellites upon cach other were suf- 
ficient to subject them to this law, and to 
maintain it unaltered ; but the little dif- 
ference between this and the primitive rela . 
tion, has given rise to a smallincquality of 
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anarbitrary extent, and unequally distribut- 
ed among the three satellites, and which I 
have distinguished under the name of /i- 
bration. The two constant arbitrary quan- 
tities of this mequality, replace whatever ar- 
bitrary quantity ts made to disappear by the 
two preceding relations, inthe mean motions 
and in the epechs of the mean longitudes 
of the three first satellites: for the num- 
ber of arbitrary quantities included in the 
theory of a system of bodies is necessarily 
sextuple the number of bodies: as observa- 
tion does not indicate this inequality, it 
inust evidently be very small, and even in- 
sensible. 

Vhe preceding relations would = stil} 
subsist, even if the mean motions of the 
satellites were subject to secular varia-~ 
tions analogous to that inthe motion of the 
Moon. They would subsist also in the 
case of these nmiotions being altered by the 
resistance of a medium, or by other causes, 
provided their effects were so small as not 
to be perceived in less thana century. In 
all these cases the secular equations so ar- 
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of the satellites, that the secular equation 
ofthe first plus twice that of the third, 
will be constantly equal to three times 
that of the second. Thus the three first 
satellites of Jupiter form a system of bodies 
connected together by the preceding relu- 
- tions and inequalities, which their niutual 
action will maintain for ever, except some 
external cause should abruptly derange 
their respective positions. 

The theory of gravitation has also en- 
abled me to ascertain the cause of the sin- 
dular variations observed in the excentrici- 
ty of the orbit of the third satellite, which 
I mentioned in the second Book. These 
variations depend on two. equations of the 
centre, very distinct from each other, to 
which its motion is subject, of which one 
relates to the perijoves proper to this sa- 
tellite, and the other to the perijove of the 
fourth. The excentricities of the orbits of 
the four satellites, and their perijoves, are 
connected with each other by the mutual 
action of these bodies, in consequence of 


which the excentricity of the fourth sa- 
. 2 
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tellite extends itself over the three others, 
but more feebly as they are more remote. 
It is very sensible in the orbit of the third, 
and combining itself with the excentricity 
peculiar to this orbit, it produces in the 
motion of the third satellite a compound 
equation of the centre, whose greatest value 
incessantly varies, and depends on a peri- 
jove, the motion of which is not uniform. 
The longitude of the perijove of the fourth 
satellite was * 159° 48, at the commence- 
ment of 1700, and its annual and sidereal 
motion is + 7852"; the longitude of the 
perijove proper to the third satellite was 
+ 194° If at the same period, and its an- 
nual and sidereal motion is || 29776", These 
perijoves coincided in 1684, and the two 
equations of the centre formed a single one, 
equal to their sum, the greatest value of 
which amounted to § 2661”. In 1775, these 
perljoves having arrived at contrary posi- 
tions, the two equations of their centres 

339° 29/33/92, 4 491d 4. + U7 4° 41 56" 4, 
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formed one equal to the difference, whose 
value was only * 759". This explains the 
reason why Wargentin found, by compar- 
ing the observations, that the excentricity of 

this satellite was the greatest towards the 
- beginning of the century, and least about 
the year [760. He had at first endeavour- 
ed to explain these variations, by means of 
two equations of the centre, but not being 
aware that one of them depended on the pe- 
rijove of the fourth satellite, and having 
also assigned to them incorrect values, he 
was forced to abandon them, and to recur 
to the hypothesis of a variable excentricity, 
whose variations he determined by experi- 
ment. re 

The mutual action of the satellites of 
Jupiter, produces at every instant 3 varia- 
tion in the positions of their orbits. This 

is what the theory, compared with the ob- 
- servations, gives upon this subject, The 
equator of J upiter is inclined + 34444” to 
the plane of the orbit of that planet, the 

* 4 5H 9, + 3 51 59 8. 
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longitude of its ascending node was 
* 347° 8519: atthe commencement of 1700, 
its annual and sidereal motion is about 
+6". The orbit of the first satellite is only 
inclined f 22” to the plane of the equator 
of Jupiter; its nodes on this plane, coincide 
with the nodes of the same plane with the 
orbit of Jupiter, the orbit of the satellite 
being: between these two planes. 

The orbit of the second satellite moves 
in a fixed plane, inclined j] 221" to the 
equator of Jupiter, and which passes 
through the line of the nodcs of this 
equator, between this last plane, and that 
of the orbit of Jupiter, The orbit of Ju- 
piter is inclined § 5182’ to this fixed plane, 
and its nodes with this plane have a retro- 
grade motion, whose annual and sidereal 
value is equal @ 13°3488, and whose pe- 
riod is thirty Julian years. The longitude 
of the ascending node was ** 179° 5185, ia 
1700. 
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The orbit of the third satellite moves 
ona fixed plane, inclined * 1030% to the 
equator of Jupiter, and which passes 
through the line of the node of this equa- 
tor, between this last plane, and that of 
the orbit of Jupiter; the orbit of the sa- 
tellite is inclined + 22447 to this fixed 
plane, and its nodes with this plane have a 
retrograde motion, whose annual and si- 
dereal value is { 2° 9149, and period 137 
years ; the longitude of its ascending node 
was § 136° 9630 in 1700. Astronomers who 
had recognised the motion of this node by 
observations, supposed the orbits of the se- 
cond and third satellites in motion on the 
equator itself of Jupiter, but they were 
obliged by the observations to diminish a 
little the inchnation of this equator, with 
the orbit of Jupiter, whenthey considered 
the motion of the third satellite. 

Lastly, the orbit of the fourth satellite 
nioves ina fixed plane, inclined 1 46307 to 
#5 33°7. $19'7". + 9° 37' 24" 2, 
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the equator of Jupiter, and which passes 
through the line of nodes of this equator, 
between this last plane and that of the or- 
bit of Jupiter. The orbit of the satellite 
is inclined * 2772" to this fixed plane, and 
its nodes with it have a retrograde motion, 
whose annual and sidereal value is ¢ 7519”, 
and period 532 years, the longitude of 
the ascending node is ¢ 153°3185 in 1700. 
The inclination of the orbit of the fourth 
satellite, with the orbit of Jupiter, conti- 
nually varies in consequence of this mo- 
tion. Having arrived at its mininum, 
about the end of the last century, it re- 
mained nearly stationary for a great num- 
ber of years, and the nodes of the orbit of 
the:satellite, with that of Jupiter, have 
had a direct. annual motion of about 
§ 8. This circumstance was recognised 
by observations, and astronomers availed 
themselves of it, in their tables of this 
satellite; but for several years back, 
e 14 58", + 40' 36". + 138° 10’. 
§4° 19" 2, 
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observation has indicated a very sensible 
augmentation in the inckmatian of its or- 
bit with that of Jupiter, which without 
the assistance of the theory, would have 
rendered the construction of the tables very 
 diffieult, 

It 1s satisfactory to the geometrician to 
see these singular phenomena arise from 
analysis, which are perceptible to obser- 
vation, but being at the same time the re- 
_ sult of several simple inequalities, are too 
complicated for astronomers to ascertain 
their Jaws. 

The different planes which we have 


* jusé described, and en which the orbits of 


the satellites move, are not cigorously fix- 
ed; the plane of the equator of Jupiter, 
carrying them on in his motion,so that their 
nodes, with the orbit of this planet, being 
constantly the same with those of its equa- 
tor; their inclinations, with the plane of 
this orbit, are always proportional to that 
of the equator. But ali these motions are 
insensible, from the time of the discovery 
of the satellites, to the present day. 
FO ° * 
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The orbit ofeach satellite participates a 
little in the motion of the adjoining or- 
bit; for every thing is connected, in a sys- 
tem of bodies mutually subject to the ac- 
tion of each other. The satellites form 
round Jupiter a system similar to that of | 
the planets round the Sun; and as their 
revolutions are very rapid, they present us 
inthe short space of time since their dis- 
covery, all the great changes which a se- 
ries of ages will produce in the planetary 
system. ‘Thus the agreement of the theory 
of gravitation, with the variations ob- 
servel in the motions of the satellites, 
leaves us no reason to doenht the variations 
which it indicates in the orbits of the pla- 
nets, and’ which the most ancient obser va-~ 
tions, compared with our own, would 
scarcely render sensible. 

This theory has banished all empiricism 
from the tables of the satellites of Jupiter. 
Those which Delambre has lately pub- 
lished, borrowmg only from observation 


such data as necessarily depend on it, have 


the advantage of extending to all ages by 
* e 
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rectifying these data as they become better 
known. We may conceive, that to es- 
tablish the theory which served for a basis 
to'these tables, it was necessary to know 
both the masses of the satellites, and the 
compression of Jupiter. 

Five data, derived from observation, are 
necessary to determine these five unknown 
quantities. Those which I employ arc 
the two principal inequalities of the first 
and second satellites; the period of the 
variations af the inclination of the orbit 
of the sccond satellite; the equation of 
the centre of the third satellite, which de- 
pends on the perijove of the fourth, Fi- 
nuliy, the motion of this perijjove. Taking 
for unity the mass of Jupiter, the masses 
of its satellites, as deduced from the pre- 
i ceding data, are as follows: 
| 4, Satellite 5. 0.0000172011 

If, Satellite . . 0.0000237103 

III, Satellite . . 6,0000872198 

LV. Satellite . . 0,0000544684 | 
These values may be corrected, when in 
the progress of time we become better ac- 
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quainted with the secular variations of the 
orbits of the satellites. 

The ratio of the two axes of Jupiter, 
resulting from these data, 18 equal 
0.93041. ‘This quantity has been mea- 
sured several times, and the mean result 
is 12, o¢ 0.929, which does not differ a 
sensible quantity from the preceding re- 
sult. But considering the great influence 
which the compression of the figure of 
Jupiter, has on the motion of the nodes, 
and of the perijoves of the satellites, we 
perceive that the ratio of the two axes 
of Jupiter, is given with greater precision 
by the observations of the eclipses, than by 
the most exact measures taken with a mi- 
crometer, The agreement of these mca- 
sures, with the result of the theory, proves , 
aa most satisfactory manner, that the ac- 
tion of gravity towards Jupiter, 1s com~ 
posed of the gravitics towards each of its 
particles; since 1 reasoning from this 
principle, we find the compression such as 
it really appears to be. . 

The eclipses of the first satell ite of Fu- 
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piter, gave rise to the discovery of the 
successive motion of light, which the 
phenomenon of aberration has ascertained 
with still greater precision. It appeared 
to me that the theory of the motion of this 
satellite being now better known, and the 
observation of its eclipses become more 
numerous, their discussion should give 
the quantity of aberration more exactly 
- than by direct observation, Delambre un- 
dertook this investigation at my request, 
and found the entire quantity of aberra- 
tion * 62/9, whieh is exactly that which 
Dr. Bradley derived from his observations. 
itis very curious to observe such a per- 
fect agreement, in results which haye 
been obtained by such very different me- 
thods. : 

It follows from this agreement, that the 
velocity of light is uniform’ through the 
whole space comprehended by the terres- 
irtal orbit. In fact, the velocity of light 
given by the aberration, is that which sub- 
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sists at the circumference of the terrestria 
orbit, and which, being combined witt 
the motion of the Earth, produces thi 
phenomenon. The velocity of light, a 
xiven by the eclipses of the satellites o 
Jupiter, is determined by the time whic! 
light employs to traverse the terrestria 
orbit; these two velocitics being the same 
ihe velocity is uniform through the whol 
length of the diameter of the terrestria 
orbit. Jt results also from these eclipses 
that the velocity of light is uniform throug! 
the whole diameter of the orbit of Jupi 
ter: for, from the excentricity of this or 
bit, ihe effect of the variations in the radi 
vectores, is very sensible in the eclipses o 
the satellites; and these exactly corres 
pond to the bypothesis of a uniform velq 
city, in the motion of light. 

If light is an emanation from luminou 
bodies, the uniformity of its velocity re 
quires that it should be projected frot 
each of them with the same force, an 
that its motion should not be sensibly re 
tarded by their atiraction. If we suppos 
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light to consist in the vibrations of an elas- 
tic fluid, we must then, to explain the unl- 
formity of their velocity, suppose the den- 
sity of the fluid throughout the whole 
extent of the planetary system, propor- 
tionate to its elasticity. But the simpli- 
city with which the aberration of the stars, 
and the phenomena of the refraction of 
- fight, in passing from one medium to ano- 
7 ther, are explained by considering light 
agan emanation from a luminous body, 
. senders this hypothesis extremely probable. 
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CHAP, VIT. 


Of the Figure of the Earth and Plunets, and of 
the Law of Gravity at their Surface. | 


Iv has been shewn in the First Book, what 
we have learnt from observations on the 
figure of the Earth, and of the planets: 
let us compare these results with those 
of universal gravitation. 

The force of gravity towards the pla- 
nets, is composed of the attractions of all 
their particles. If their mass was fluid, 
and without motion, their strata would be 
spherical, those nearer the centre being 
more dense. The force of gravity at 
their exterior surface, and at any distance 
whatever, without the sphere, would be 
exactly the same, as if the whole mass of 
the planet was compressed into the centre 
of gravity, Itis in consequence of this 
remarkable property, that the Sun, the 
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planets, comets, and satellites, act u pott 
each other, very nearly as if they were so 
many material points, At very great dis- 
tances. the attraction of the particles of a 
body of any figure, which are the most 
femote, and those which are nearest the 
| particle attracted, compensate each other 
-Innearly the same manner as if they were 
_ ynited in the centre of gravity; and if the 
—fatio of the dimensions of the body be 
gonsidered as a very smal! quantity of the 
. Orst order, this result will be exact to a - 
quantity of the second order. But in 
asphere, it is rigorously true, and in a 
spheroid differing but little from a sphere, 
itis of the same order as the product of 
its excentricity, by the square of the ratio 
of its radius, to the distance of the point 
attracted. This property of the sphere, 
ofattracting as if its mass was concen- 
trated im its centre, contributes greatly 
to the simplicity of the motions of the 
heavenly bodies. It does not belong ex- 
clusively to the law of nature, it equally 
appertains to the law of the attraction 
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varying proportionably to the simple dis 
tanee, and cannot belong to any other lat 
but those formed by the addition of thea 
two. And of all the laws which rende 
the force of gravity nothing at an infinit 
distance, that of nature is the only on 
in which the sphere possesses this pro. 
perty. 

According to this law, a body places 
within a spherical stratum of unifora 
thickness, 1s equally attracted by all it 
parts, so as to remain at rest in the mids 
of the various attractions which act upor 
it, The same circumstance takes place 11 
an elliptic stratum, when the exterior an 
interior surfaces are similar and similar!, 
situated. Supposing therefore the planet 
to be spheres of homogeneous matter, th 
force of gravity in their interior, must di 
minish as the distance from the centre; fo 
the exterior part, relatively to the attract 
ed particle, contributes nothing to its gra 
vity, which entirely consists of the attrac 
tion of the internal sphere, whose radiu 
is equal to the distance of this point fror 
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tle centre. But this attraction is equal 
to the mass of the sphere, divided by the 
square of the radius, and the mass, is as 
the cube of this same radius. The force 
of gravity on the attracted particle, is 
therefore proportional to the radius. But 
if, (ag is probably the case) the strata are 
more dense as they approach the centre, 
the force of gravity will diminish in a less 
—tatio, than in the case of homogenity. 
_ The rotary motion of the planets causes 
‘them to differ a little from the spherical 
feure, The centrifugal force arising from 
- this motion, causing the particles situated — 
' at the equator, to recede from the centre, 
r and produce a flattening of the poles. 
Let us consider first the effects of this 
' circumstance in the most simple case, of 
the Earth’s being an lomogencous fluid, 
and the whole force of gravity residing in 
itgcentre, and varying reciprocally as ihe 
| square of the distance from this point. It 
: will then be easy to prove that the terres- 
‘trial spheroid is an ellipsoid of revolution ; 
‘for if we concetve two columns of fluids, 
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communicating with each other at the 
centre, terminating, the one at the pele, 
the other at any point in the surface, these 
two columns ought to be in equilibrio. 
The centrifugal force does not alter the 
weight of the column directed to the pole, 
but diminishes the weight of the other 
column. ‘This force is nothing at the cen- 
tre of the Earth, and at the surface is pro- 
portional to the radius of the terrestrial 
parallel, or very nearly, as the cosine of 
the latitude ; but the whole of this force 
is not entirely employed in diminishing the 
force of gravity; for these two forces 
making: an angle with each other, equal 
to the latitude, the centrifugal force, de- 
composed according to the direction of 
gravity, 1s weakened in the ratio of tlre 
cosine of this angle to radius. Thus, at 
the surface of the Earth, the centrifugal 
force diminishes the force of gravity, by 
the product of the centrifugal force at 
ihe equator, by the square of the cosine 
of the latitude; therefore the mean value 
of this diminution in the length ofa fluid co- 
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lumn, is the half of this product, and since 
the centrifugal force is =; of the force of 
| prayity at the equator, this value is 
-t, of the force of gravity, multiplied by 
the square of the cosine of the latitude. 
And since itis necessary, for the maimte- 
nance of the equilibrium, that the column 
by its length shall compensate the dimi- 
gution of its weight, 1t should surpass the 
polar column by 5s of its length, multi- 
plied by the square of the above cosine. 
Thus the augmentation of the radu, from 
the pole to the equator, is proportional 
to the squares of these cosines, from 
whence it is easy to conclude, that the 
. Rarth is an ellipsoid of revolution, the 
. equatorial and polar axis of which were 
. in the proportion of 578 to 977, 

_ It is evident that the equilibrium of the 
fuid mass would still subsist, supposing 
that a part should consolidate itself in the 
‘igtecior, provided the force of gravity re- 
| pains the same. 
To determine the law of gravity at 
‘the surface of the Earth, we should 
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obserye that the force of gravity to any 
point on this surface, is less than that 
at the pole, from its being situated far-— 
ther from the centre, This diminutioa 
is nearly equal to double the aug- 
mentation of the terrestrial radius; it: is . 
equal therefore to the product of the a4 / 
part of the force of gravity by the square 
of the cosine of the latitude. The een- 
trifugal force diminishes likewise the forez 
of gravity by the same quantity ; thus by 
the union of these two causes, the dim- 
nution of gravity from the pole to the 
equator, is = 0,00694, multiphed by the 
square of the cosine of the latitude, the 
force of gravity alt the equator being 
taken as unity. 

It has been shewn in the First Book, . 
that the measures of meridional degrecs, 
give the Earth an ellipticity greater than 
—1,, and that the measures of the pendu-. 
lum indicate a diminution in the force of | 
gravity, from the poles to the equator, 
less than 0.00694, and equal to 0.00567. 
The measures of the degrees and of the 
pendulum concur, therefore, to prove that 
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the force of gravity ts not directed to a 
single point, but 13 composed of the at- 
tractions of all the particles of the Earth, 

This being the case, the law of gravity 
depends on the figure of the terrestrial 
spheroid, which depends itself on the Jaw 
of gravity. It is this mutual dependanceof 
the two unknown quantities on each other, 
that renders the investigation of the figure 
of the Earthvery difficult. But fortunately 
the elliptic figure, the most simple of al? 
the re-entering figures next to the sphere, 
satisfies the condition of the equilibrium 
of a fluid mass, subject to a motion of ro-~ 
tation, and of which all the particles at- 
tract each other reciprocally, as the squares 
of the distance. Newton, upon this 
hypothesis, and supposing the Earth 
a homogeneous fluid, found the ratio of 
the equatorial to the polar axis, to be 230 
to 229. 

It is easy to determine the law of 
variation of the force of gravity on the 
Earth, upon this hypothesis. For this 
‘purpose, let us consider two different points 
VOL, £1, G 
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situated on the same radius, drawn from 
the centre to the surface of an homoge- 
neous fluid, in equilibrio. All the simi- 
lar elliptic strata, which cover any one 
amongst them, contribute nothing to its 
gravity. The resulting force of all the. 
attractions which act on it, is derived 
entirely fro: the attraction of the interior 
spheroid, similar to the entire spheroid, 
and whose surface passes. through the 
point in question, The similar and simi- 
larly situated particles of these two sphe- 
roids, attract the interior point, and the 
corresponding point of the exterior sur- 
face, proportionally to their masses, di- 
vided by the squares of their distances. 
These masses are in the two spheroids, ag 
the cubes of their similar dimensions, and 
the squares of their distances, are as the 
squares of thesc dimensions. The attrac-. 
tions on similar particles, are propor- 
tional therefore to these dimensions: 
from which it follows, that the entire at- 
tractions of the two spheroids, are in the 
same ratio, and their directions parallel. 
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The centrifugal forces of the two points, 
now under consideration, are likewise pro- 
portional to the same dimensions, There- 
fore the force of gravity in each of them 
heing the result of these two forces, will 
likewise be propartional to their distances 
from the centce of the fluid inass. 

Now, if we concetye two fluid columns 
directed as before, to the centre of the 
spheroid, one from the pole, and the other 
from any point on the surface, it 1s evi- 
dent, that if the ellipticity of the spheroid 
is very small, that is, if i¢-differs but little 
from a sphere, that the force of gravity, 
decomposed according to the directions of 
these columns, will be nearly the same as 
the total gravity. Dividing, therefore, the 
length of these columns into an equal num- 
ber of parts, infinitely small and propor- 
tional to their lengths, the weights of the 
corresponding parts will be to each other 
as the products of the lengths of the co- 
lumns, by the force of gravity at the points 
of the surface where they terminate, The 
whole woight of these columns will there- 
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fore be to each other, in this ratio; and as 
these weights must be equal, to be im 
equilibrio, the force of gravity at their 
surface must consequently be reciprocally, 
as the length of these columns. Thus the 
length of the radius of the equator, sur- | 
passing the radius at the pole a 230th 
part, the force of gravity at the pole 
should likewise exceed that at the equator 
a 230th part. 

This supposes the elliptic figure suf- 
ficient for the equilibrium of a homo- 
geneous fluid mass, Maclaurin has de- 
monstrated this in a beautiful manner, 
from which it results, that the equilibrium 
is rigorously possible; and that, if the el- 
lipsoid differs little from a sphere, the el- 
lipticity will be equal 4 of the quantity, 
which expresses the proportion of the 
centrifugal force, to that of gravity, un~ 
der the equator, 

Two different figures of ‘equilibrium 
may correspond to the same moiion of ro- 
fation. But the equilibrium cannot exist 
with every motion of rotation. The short- 
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est period of rotation of an homogeneous 
fluid in equilibrio, of the same density as 
the Earth, is * 0.1009 ofa day, and this li- 
mit varies reciprocally, as the square root of 
the density. When the motion of rotation 
increases in rapidity, the fluid mass becom- 
ing more flattened at the poles, its period of 
rotation becomes less, and ultimately falls 
within the appropriate limits of a state of 
equilibrium. After a great many oscil- 
lations, the fluid, in consequence of the 
friction and resistances which it experi- 
ences, fixes itself at last inthat state which 
_ js unique, and determined by the primitive 
motion of rotation, The axis drawn 
through the centre of gravity, of the fluid 
mass, and relative to which the moment 
of the forces was a maximum, at the ori- 
sin, becomes the axis of rotation, 

The preceding resulis afford us an easy 
method of verifying the hypothesis of the 
homogenity of the Earth, The trregu- 
larity of the measured degrees, may be 
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supposed to leave too much uncertainty, as 
to the ellipticity, to enable us to decide, 
if it is really such as the above hypothesis 
requires. But the regular increase of the 
force of gravity, from the equator to the 
pole, as determined by experiments on the 
pendulum, is sufficient to throw great 
light upon the subject. 

In taking as unity the force of gravity 
at the equator, its increase at the pole, 
according to the hypothesis of homoge- 
nity, should be equal > = 0.00435. But 
by observations on the pendulum, this in- 
crease 18°0,00367 : the Earth therefore 1s 
not homogeneous. And indeed it 1s natural 
to suppose, that the density of the strata 
increase as they approach the centre. It 





is even necessary, for the stability of the 
equilibrium of the waters of the ocean, 
that their density should be less than the 
mean density of the Earth; otherwise, 
when agitated by the winds and other 
causes, they would overflow their hmits, 
aud inundate the adjoining continents. 
The homogenity of the Earth being 
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determine its figure, suppose the sea co- 
vering a nucleus, composed of different 
strata, diminishing in deusity from the 
centre to the surface, Clairaut has de- 
monstrated, inhis beautiful work, that the 
equilibrium is still possible, in the suppo- 
sition of anelliptic figure at the surface, 
and of the strata of the interior nucleus. 
In the most probable hypothesis, relative 
to the law of the densities and elliptict- 
ties of these strata, the ellipticity of the 
Karth is less than in the case of homoge- 
nity, and greater than if the force of gra- 
vity was directed to a stngle central potnt. 
The increase of the force is greater than 
in the first case, and jess than in the se- 
cond. But there exists between the in- 
crease of the force of gravity, taken as 
unity at the equator, and the ellipticity of 
the Earth, this remarkable analogy, that 
in all the hypotheses relative to the struc- 
ture of the internal nucleus, which the 
sea ineloses, theellipticity of the Earth is 
just so much Jess than that which would 
take place in the case of homogenity, as 
G 4 
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the augmentation of the force of gravity 
exceeds that which should exist, accord- 
ing to the same supposition, and recipro- 
cally, soihat the fractions expressing the 
ellipticity, and the augmentation of the 
force of gravity always together, make a 
constant quantity equal ~, of the propor- 
tion of the centrifugal force, to the force 


of gravity at the equator, which, on the 
Earth is -;2 >. 


In attributing an elliptic figure to the 
strata of the terrestrial spheroid, the in- 
crease of its radu, the increase of the force 
of gravity, and the diminution of the de- 
grees, from the pole to the equator, will 
vary as the squares of the cosine of the la- 
titude, and these are connected with the 
ellipticity. of the Earth, in such a manner, 
that the total increase of the radii is equal 
to the ellipticity. The total diminution 
of the degree, is equal to the ellipticity, 
multiplied by three times the degree at 
the equator ; and the total increase of the 
force of gravity, is equal to the force of 
gravity at the equator, multiplied by the 
excess of ~~, above the ellinticity. 
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- Thus the ellipticity of the Earth may 
be determined, either by direct measure- 
ment of degrees, or by observations on the 
length of ihe pendulum. 

The observations of the pendulum 
sive 0.00567, for the increase of the force 
of gravity, which taken from zr, gives 
+. for the ellipticity of the Earth, If 
this hypothesis of the ellipse be conform - 
able to nature, it should agree with the 
sneasures of degrees ; but it implies errors 





that are altogether improbable: and this 
circumstance, joined to the difficulty of re- 
conciling all these measures to the same 
elliptic figure, proves that the figure of 
the earth is much more complicated than 
had been believed. ‘This will not appear 
surprising, if we consider the different 
depths of the sca, the elevation of the con- 
tinents, and islands above its level, the 
heights of mountains, and the unequal 
density of the water, and different sub- 
stances which are at the surface of this 
planet. 

To embrace, in the most general manner 
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possible, the theory of the figure of the 
tuarth and planets, it is necessary to deter- 
mine the attraction of spheroids, differing 
little fron spheres, and formed of strata, 
variable both in figure and density, accord- 
ing to any law whatever. 

It will remain then to determine the 
figure which will agree with the equili- 
beiam of a fluid, expanded over its sur- 
face, for we must imagine the plancts co- 
vered with a fluid similar to the Earth, or 
their form would be entirely arbitrary. 
Dalembert has given, for this purpose, 
an ingenious method, which extends to a 
‘ereat number of cases, but which is defi- 
cient in that simplicity so desirable in 
such complicated investigations, and which 
constitutes their principal merit. 

A remarkable equation of partial dif- 
ferences relative to the attraction of sphe- 
roids, led me, without the aid of integra- 
tions, aud by differential methods only, to 
gencral expressions, for the radii of the 
spheroids; for the attractions upon any 
points whatever, either within the sur- 
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faces, or without them; for the condition 
of equilibrium of the fluids that surround 
them ; for the law of gravity, and for the 
- variation of the degrees at the surface. 
All these quantities are connected with 
each other, by analogies extremely simple, 
from which results an easy method of ve- 
ifying all the hypotheses that may be 
formed to represent either the variation of 
the force of gravity, or that of the values 
of different degrees of the meridian. 

Thus Bouguer, witha view of recon- 
cilmng the degrees measured at the equator, 
in France and in Lapland, supposed the 


Earth to be a spheroid of revolution, in 


which the increase of the degrees, from 
_the equator to the pole, was proportional 
to the fourth power of the sine of the lati- 
tude. It 1s found that this hypothesis does 
not satisfy the increase of the force of 
gravity from the equator to Pellu.—An 
_. inerease, which according to observation, 
is equal to forty-five ten millionths of 
the whole gravity, and which would be 
GO 
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only twenty-seven ten millionths in this 
hypothesis. 

The above mentioned expressions give 
a direct and general solution of the pro- 
blem which consists in determining the 
figure of a fluid mass in equilibrio, sup-. 
posing it subjected to a motion of rotation, 
and composed of an infinity of fluids, of 
different densities, whose particles attract 
each other directly as their masses, and 
inversely as the squares of their distances. 

Legendre had already solved this pro- 
blem by a very ingenious analysis, which 
supposes the mass homogeneous. In 
this general supposition, the fluid neces- 
sarily takes the form of an ellipsoid of 
revolution, of which all the strata are 
elliptic, whose densities diminish at the 
same time that their ellipticities increase, 
from the centre to the surface. 

The limits of compression of the whole 
ellipsoid, are 4 and + of the ratio of the 
centrifugal force, to the force of gravity 
at the equator. The first limit is relative 
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to the hypothesis of homogenity, and the 
second, to the supposition of the strata, 
infinitely near the centre, being infinitely 
dense, and consequently the whole mass of 
the spheroid acting as if concentrated in 
. that point. In the latter case, the force of 
gravity being directed to a single point, 
and varying inversely as the square of the 
distance, the figure of the Earth would be 
such as has been above determined: but 
in the general hypothesis, the line which 
determines the direction of the force of 
"gravity from the centre to the surface of 
the spheroid, is a curye, every element of 
which is Perpendicular to the stratum 
through which it Passes, 

[t is remarkable, that the variations ob- 
served in the length of the pendulum, fol- 
low pretty correctly the law of the squares 
of the cosines of the latitudes, at the same 
time that the variations in the measured 
degrees, differ very sensibly from this law, 
The general theory of the attractions of 
: spheroids, affords a simple explanation of 
this phenomenon ; it shews us that the 
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terms, which in the value of the terres- 
trial radius, differ from this law, become 
inore sensible in the expression of the force 
of gravity, and still more sensible in the 
expression of degrecs, where they may 
acquire a value sufficiently great to pro- 
duce the phenomenon under consideration. 

This theory likewise shews us, that the 
limits of the total increase of the force of 
gravity, taken at the equator as unify, are 
the products of 2 and 4, by the ratio of 
the centrifugal force, to the force of gra- 
sity, the first limit referring to the case of 
an infinite density at the centre, the second 
to the case of homogenity. The increase, 
as derived from observation, being between 
these limits, indicates that the strata are 
more dense, as they approach the centre, 
which is conformable to the laws of, hy- 
drostatics. ‘Thus the theory seems to ac- 
cord with observation, as far as could be 
expected, considering our ignorance of the 
internal construction of the Earth. 

The result of this agreement is, that in 
the calculation of the variations of the 
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force of gravity, and of parallax, we may 
consider the terrestrial meridians as of an 
elliptic form, the compression of which ts 
the excess of the fraction ~;-+, above the 
total increase of the foree of gravity from 
the equator to the poles. 

The radius drawn from the centre of gra- 
vity of the terrestrial spheroid, to ifs sur- 
face at the parallel, the square of the sine 
of whose latitude is +, determines the 
sphere, whose mass 1s equal to thatof the 
Earth, and whose density 1s equal to its 
mean density; this radius is 6369374 me- 
tres, and the force of gravity on this pa- 
rallel, is the same as at the surface of this 
sphere. 

But what is the proportion of the mean 
density of the Earth, to that of a known 
substance at its surface? The effect of the 
attractions of mountains, on the oscilla 
tions of pendulums, and on the direction 
of the plumb-line, may conduct us to the 
solution of this interesting problem. 

Ht is true that the highest mountains are 
always very small, in proportion to the 
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Farth; but we may approach very near 
to the centre of their action, and this 
joined to the precision of modern obser- 
vations, ought to render their effects per- 
ceptible. 

The mountains of Peru, the highest im 
the world, seemed the most proper for this 
object. Bouguer did not neglect so im- 
portant an observation in the journey which 
he undertock, for the measure of the me- 
ridional degrees at the equator. 

But these great bodies being volcanic 
and hollow in their interior, the effect of 
their attraction was found to be much less 
than might be expected from their size. 
However it was perceptible ; the diminu- 
tion of the force of gravity at the summit 
of Pichincha, would have been 0.00149, 
without the attraction of the mountain, 
and it was observed to be 0.00118. The 
effect of the deviation of the plumb-line, 
from the action of another mountain, sur- 
passed * 20".° Dr. Maskelyne has since 
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measured, with great care, a similar effect, 
produced by the action of a mountain in 
Scotland: the result was, that the mean 
density of the Earth, is double that of the 
mountain, and four or five times greater 
than that of the common water. This 
curious observation deserves to be repeated 
several times on different mountains, whose 
interier construction is well known. 

Let us apply the preceding theory to 
Jupiter. | 
The centrifugal force due to the mo- 
tion of rotation of this planet, is nearly 
tof the force of gravity at its equator ; 
at least, if the distance of the fourth sa- 
tellite from its centre, as given in the se- 
cond Book, be adopted. 

lf Jupiter was homogeneous, the dia- 
meter of its equator might be obtained, by 
adding five-fourths of the preceding frac- 
tion to its shorter axis; taken as unity, 
these two axes would, therefore, be in the 
proportion of 41 to 36. According to ob- 
servation, their proportion is that of 14 to 
13. Jupiter, therefore, is not homogene- 
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ous. Supposing it to constst of strata, if 
the densities diminish from the centre to 
the surface, its ellipticity should be in- 
cluded between ~- and +>, the observed el- 
lipticity being within these limits, proves 
the heterogenity of its strata, and by ann- 
logy that of the strata of the terrestrial 
spheroid, already rendered very probable 
jn itself, and frow the observations of the 
pendulum. 


CUAP. VIET. 
On the Figure of Saturn's Ring. 


Tux ring of Saturn, as has been shewn in 
the first Book, is formed of two concentric 
tings of very small thickness. By what 
mechanism do these rings sustain them- 
selves round the. planet? It is not pro- 
bable that this should take place from the 
simple adhesion of their particles. Since, 
were this the case, the parts nearest to Sa- 
_ turn, sollicited by the constantly renewed 
action of gravity, would be St length de- 
jached from the rings, which would, by 
an insensible diminution, finally disappear, 
like all those works of nature which have 
not had sufficient force to resist the action 
of external causes. These rings support 
themselves then without effort, and only 
by the lines of equilibrium, But for this 
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it is requisite to suppose them possessed of 
a rotary motion round an axis perpend- 
cular to their plane, and passing through 
the centre of Saturn, so that their gravi- 
tation towards the planet, may be balauced 
by the centrifugal force due to this mo- 
tion. | 

Let us imagine a homogeneous fluid 
spread round Saturn in the form of a ring, 
and let us see what ought to be its figure, 
for it to remain in equilibrium, in conse- 
quence of the mutual attraction of its par- 
ticles, of their gravitation towards Saturn, 
and their centrifugal force. If, through 
the centre of the planet, a plane is ima- 
gined to pass, perpendicular to that of the 
ring, the section of the ring by this plane, 
is what I shall call the generating curve. 
Analysis proves that if the magnitude of 
the ring is small in proportion to its dis- 
tance from the centre of Saturn, the equi- 
librium of the fluid is possible when the 
generating curve is an ellipse of which the 
greater axis is directed towards the centre: 
of the planet. The duration of the rota- 


ll 

tion of the ring, 1s nearly the same as that 
of the revolution of a satellite, moved 
citculariy at the distance of the centre 
of the generating ellipse. And this du- 
ration is about * four hours and a third, 
for the interior ring. Herschel has con- 
firmed by observation this result, to which 
I had been conducted by the theory of gra- 
vitation, 

The equilibrium of the fluid would also 
exist, supposing the generating ellipse va- 
Hable in size and position, to the extent 
of the circumference of the ting ; provided. 


these variations are sensible only at a much 
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greater distance than the axis of the ge- 
nerating section. Thus the ring may be 
supposed of an unequal breadth inits dif- 


. ferent parts, it may even be supposed of 
double curvature. These inequalities are 
indicated by the appearances and disap- 
pearances of Saturn’s ring, in which the 


two arms of the ring have presented dif- 


| ferent phenomena, They are even neces- 
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sary to maintain the ring in equilibrium 
round the planet, since 1f if was perfectly 
similar in all sts parts, its equilibrium 
would be deranged by the shghtest force, 
such as the attraction of a satellite, and 
the ring would finally precipitate itself 
upon the planet. | 

The rings by which Saturn is sur- 
rounded, are consequently irregular solids, 
of unequal breadth in the different points 
of its circumference, so that their centres 
of gravity do not coincide with the cen- 
tres of their figure. ‘These centres of 
gravity may be considered as so many 
satellites, moving round the centre of Sa- 
turn, at distances dependant on the ine- 
qualities of the rings, and with angular 
velocities equal to the velocities of rota- 
tion of their respective rings. 

Jt may be imagined, that these rings, 
sollicited by their mutual action, by that 
of the Sun, and of the satellites of Sa- 
turn, ought to oscillate round the centre 
of this planet, and that their nodes, form- 
ed with the plane of the orbit of this . 
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planet, should have a retrograde motion. 
It might be believed, that ytelding to 
different forces, they should cease to be 
inthe same plane; but Saturna having a 
fapid rotatory motion, and the plane of 
is cquator being the same with that of 
iis ring, and of tis six first satellites, its 
action retains the system of these differ- 
ent bodies in the same planc. ‘The ac- 
tion of the Sun, and of the seventh sa- 
tellite, only changes the position of the 
| plane of Saturn’s equator, which in this 
motion carries with it the ring, and the 
orbits of the six first satellites, by a si- 
milar mechanism to that which retains the 
orbits of the satellites of Jupiter, and 
principally the orbit of the first, nearly 
dn the plane of the equator of this pla- 
net. 
._ Thus the constant position of Saturn’s 
. pings, and the orbits of the six first sa- 
—tellites in the same plane, indicate a con- 
siderable compression in this planet, and 
consequently a rapid motion of rotation, 
_ which has been confirmed by obser- 
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vation; and as all the satellites of Ura- 
nus move nearly in the same plane, we 
may conclude that this planet revolves 
upon itself, round an axis perpendicular 
to this plane. 


CHAP. IX. 


On the Almosphere of the Celestial Bodtes. 


‘Tae thin, transparent, compressible, and 
elastic fluid which surrounds a body, and 
rests upon it, is called its atmosphere, 
- We conceive a similar atmosphere sur- 
rounding every celestial body; the proba- 
bility of its existence in all of them, is 
indicated by observation relative to the 
‘Sun and Jupiter. In proportion as the 
- atmospherical fluid is elevated above the 
surface of a body, it becomes thianer, in 
— consequence of its elasticity, which dilates 
. }tas it is less compressed. But if the parti- 
cles of its surface were perfectly elastic, 
it would extend itself without ceaging, 
and finally would dissipate itself into 
space, 

It is then requisite that the elasticity vs 
VOL, WH. Hw 
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the atmospherical fluid should diminish in 
a greater proportion than the weight 
which compresses it; and that there may 
exist a state of rarity, ia which it may 
be without elasticity. Itshould be iu this 
state at the surface of the atinosphere. 

All the atmospheric strata should take 
after a time the retatory motion, common 
to the body which they surround. For the 
friction of these strata against each other, 
and against the surface of the body, should 
accelerate the slowest motions, and retard 
the most rapid, till a perfect equality is 
established among them. Jn these changes, 
and generally in all those which the at- 
mosphere undergoes, the sum of the pro- 
dycts of the particles of the body, and of 
its atmosphere, multiplied respeetively 
by the area which their radii vectores pro- 
jected on the plane of the equator, describe 
round their common centre of grav y, are 
always equalin equal time. 

Suppusig then, that by any cause what 
ever, the atmosphere should contract it- 
self, or thata part should condense itself 
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on the surface of the body, the rotatory 
motion of the body, and of its atmosphere, 
would be accelerated, because the radii 
vectores of the area, described by the par- 
ticles of the primitive atmosphere becom- 
ing smaller, the sum of the product of all 
the particles, by the corresponding area, 
could not remain the same, unless the ve- 
locity of rotation augments. | 
At its surface the atmosphere is only re- 
tained by its weight, and the form of thra 
surface is such, that the force which re- 
sults from the centrifugal and attractive 
forces of the body, is perpendicular to it. 
The atmosphere is flattened towards the 
poles, and distended at its equator, but 
this ellipticity has limits, and in the case 
where it is the greatest, the proportion of 
the axis of the pole and the equator, 18 a8 
two to three. 

The ataosphere can only extend itself af 
the equator, to that point where the centri- 
fugalforeeexactly balances the force of gra- 
vity, for it is evident that beyond this limit, 

the fluid would dissipate itself. Relative to 
‘ Ww? | 
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the Sun, this point is distant from its centre 
by the length of the radius of the orbit of 
a planet, the period of whose revolution 
is equal to that of the Suu’s rotation. 

The Sun’s atmosphere then does not ex- 
tend so far as Mercury, and conse quently 
does not produce the zodiacal light, which 


appears to extend even.to the terrestrial 


orbit, Besides, this atmosphere, the axis 
of whose poles should be at least two- 
thirds of that of the equator, is very far. 


- from having. the lenticular form which 


ar 


observation assigns to the zodiacal light, 
The point where the centrifugal force 


‘balances gravity, 14 so much nearer to the 


body, in propartion as its rotatory motion 
more rapid. Supposing that the at- 


‘mosphere extends itself as far as this li- 


mit, and that afterwards it contracts and 
condenses itself from the effect of cold 
at the surface of the body, the rotatory 
motion would become more and more ra- 
pid, aud the furthest limit of the atmo- 
sphere would approach continually to its 
centre: it will then abandon successively 
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in the plane of its equator, fluid zones, 
which will continue to circulate round 
the body, because their centrifugal force 
is equal to their gravity. But this equa- 
lity not existing relative to those partickés 
of the atmosphere, distant from the equa- 
tor, they will continue to adhere to it. 
It is probable that the rings of Saturn 
are similar zones, abandoned by its at- 
‘mosphiere, 

1f other bodies circulate round that 
' which has been considered, or if it cit- 
culates itself rbund another body, the li- 
mit of its atmosphere is that point where 
‘its centrifugal force, plus the attraction of 
‘the extraneous bodies, balances exactly 
‘its gravity. Thus the limit of the Moon’s 
‘atmosphere, ig the point where the cen- 
trifagal force due to its rotatory motion, 
“plus the attractive force of the Earth, 
fs in equilibrium with the attraction of 
this satellite. The mass of the Moon 
being +1, of that of the Earth, this point 
is distant from the centre of the Moon, 
' about the ninth part of the distance from 
u3 
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the Moon tothe Earth. If, at this dis. 
tance, the primitive atmosphere of the 
Moon had not been deprived of its elas- 
ticity, it would have been carried towards 
the Earth, which might have retained 
it, This is perhaps the cause why this 
atmosphere is so little perceptible. — 
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CHAP, X. 
Of the Tides. 


Ir the investigation of the laws of the 
equilibrium of the fluids which cover the 
planets, presents great difficulties, that of 
the motion of these fluids agitated by the 
attractions of the heavenly bodies, offer 
still greater. 

Thus Newton, who occupied himself 
the first with this important problem, was 
satisfied with determining the figure in 
which the ocean would remain in equilt- 
brio, under the action of the Sun and 
Moon. He supposed that the sea, at 
every instant, took this figure; and this 
hypothesis, which extremely facilitates 
the calculations, gave him results, in many 
respects conformable with the observations. 
In fact, this great geometrician had re- 
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‘course to the action of the rotation ofthe 
Earth, te explain the retardation of the 
tides, beyond the passage of the Sun and 
Moon over the meridian; but his reasoning 
9 unsatisfactory, and, moreover, appears 
contrary to the result of a rigorous ana- 
lysis. The Academy of Sciences proposed 
this subject for a prize, in 1740; the suc- 
cessful pteces, contained the developement 
of the Newtonian theory, founded on the 
same hypothesis, of the ocean m equtli- 
brium under the action of the attracting 
bodies. Itis evident, nevertheless, that 
the rapidity of the Earth’s motion pre- 
vents the waters that cover it, from taking 
at every instant, the figure suitable to the 
equilibrium of the forces, but the investz- 
gation of this motion, combined with that 
of the action of the Sun and Moon, was 
too difficult to be effected by the state o! 
analysis at that time, and -ef the ‘know: 
ledge then possessed of the motions © 
fluids. But assisted by the discoverte: 
which have since been made on both thes 
subjects, I have again undertaken thi: 
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problem, the most intricate in celestial 
mechanics, The only hypotheses which 
Lghall permit myself are, that the ocean 
inundates the whole Earth, and that it 
meets with but slight obstructions in its 
- mation; the rest of my theory is rigorously 
exact, and founded on the principles of 
the motion of fluids. By thus conforming 
to nature, I have the satisfaction to see my 
sesulis agree with the observations, partt- 
cularly with respect to the small difference 
which subsists between the two tides of 
ene day, which differénce, accordhig’ t® 
the theory of Newton, should be ‘very 
great. 1 obtained this remarkable’ resttlt, 
namely, that to make this’ ‘difference’ ars 
appear, it is only necessary to suppése tHe 
ocean to have every where tite sarhe depths 
~ Daniel Béruoulli, in his Essay on the Tides? 
which divided the prize of thie actdemy; 
in 1740, endeavoured to explain this ‘pitt 
nomenon, by supposing that the motion of 
the Earth was too rapid to permit the 
tides to accommodate themselves to the 
theory. But it can beshewn by analysis, 
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that: this rapidity could not prevent the 
tides from being very unequal, if the depth 
of the ocean was not constant. We may 
see by this example, and by that of New- 
ton, how much we should distrust the 
most plausible hypotheses, when not sup- — 
ported by rigorous calculation. 

The preceding results, though very ex- 
tensive, are still restricted by the suppost- 
tion of a fluid, regularly spread over the - 
Earth, and subject to very slight resis- 
tances in its motions. The irregularity io 
the depth of the ocean, the position and 
declivity of the shores, their situation 
relative to the neighbouring coasts, the 
friction of the waters agamst the bottom 
of the ocean, and the resistances they meet 
with: all these causes, which it is im- 
possible to reduce to calculation, modify 
the oscillations of this great fluid mass. 
All that can be done is to analyse the ge- 
neral phenomena of the tides, which 
should result from the attractive forces of 
the Sun and Moon, and to derive from ob- 
seryation stich data as are indispensably 
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necessary to complete the theory of the 
tides for each particular port. These data 
ate so many arbitrary quantities depending 
onthe extent of the sea, its depth, and 
the local circumstances of the port. Un- 
der this point of view, we shall: consider 
the oscillations of the ocean, and their cor- 
respondence with observations. 

Let us first consider the action of the 
Sun alone upon the ocean, and suppose its 
motion uniform in the plane of the equa- 
tor. Itis evident, that if the Sun acted 
on the centre of gravity of the Earth, and 
of every particle of the ocean, by exert- 
ine equal and parallel forces, the whole 
system of the terrestrial spheroid would 
obey these forces by a common motion, and 
the equilibrium of the waters would not 
be at all altered. This equilibrium, then, 
is only deranged by the difference of these 
forces, and by the inequality of their di- 
rections. A particle of the ocean, placed 
directly under the Sun, is more attracted 
than the centre of the Earth. It tends, 
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_-thetefore, .to separate itself-from it, but 
it 19 regained by its gravity, which this ten- 
dency diminishes. Twelve hours after- 
wards, this particle is opposite to the Sun, 
which attracts it less forcibly than it does 
the centre of the Earth: the surface of 
the terrestrial globe therefore tends to se- 
parate itself from it, but the gravity of 
the particles retains it. This force is there- 
fore diminished also in this case by the 
solar attraction. But since the distance 
of the Sun is very great, compared with 
the radius of the Earth, it is easy to see 
that the diminution of gravity in each case 
is very nearly the same. <A simple de- 
composition of the action of the Sun upon 
the particles of the ocean, is sufficient to 
shew, that in any position of this body, 
relatively to these particles, its action in 
disturbing their equilibrium, becomes the 
saine after twelve hours. And it may be 
established as a general principle in me- 
chanics, that the state of a system of bo- 
dies, in which the primitive conditions of 
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motion have disappeared by the resistanées 

2 meets with, is periodic, like the forces 
which solicit it. The state of the ocean 
- chould therefore be the same at each inter- 
yal of half a-day, so that the tide should 

- ebb.and flow in this interval. 

The law according to which the wa- 
ter rises and falls, may be thus deter- 
mined. Let us conceive a vertical circle, 
whose circumference represents half a day, 
and whose diameter is equal ta the whole 
tide, or the difference between the height 
of high and low water, and let the arcs of 
this circumference, reckoning from the 
lowest point, express the tune elapsed 
aince low water, the versed sines of these 
ares will express the heights of the water, 
corresponding to these times. Thus, the 
ocean ia rising, covers in equal times, 
equal arcs of this circumference. This 
jaw is exactly observed in the middle-of 
the ocean, which is free onevery side, but 
in ours barbours, local circumstances pro- 
duce some deviations.. The sea employs 
rather a longer time to fall than to rise, 
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which difference at Brest amounts to about 

* 104 minutes. 

The greater the extent of the surface of 
the water, the more perceptibia are the 
phenomena of the tides. Ina fluid mass, 
the impressions which a fluid particle re.” 
ceives, are communicated to the whole. 
it as thus that the action of the Sun, 
which is insensible on an insulated parti- 
cle, produces on the occan such remark- 
able effects. Let us imagine, at the bot: 
tom of the sea, a curved canal, terminated 
at one of its extremities by a vertical tube, 
rising’ above the surface of the water, and 
which, if prolonged, would pass through 
the centre of the Sun. 

The water will rise in this tube by the 
direct action of the Sun, which diminishes 
the gravity of its particles, and particu- 
larly by the pressure of the particles en- 
closed in the canal, which all make an ef- 
fort to unite themselves beneath the Sun, 
The elevation of the water in the tube 
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above the natural level of the sea, isithe. 
integral of all these infinitely small efforts. 
If the length of this canal is increased, 
this integral also becomes greater, because 
it extends over a larger space, and because 
there will be a greater difference in. the 
quantity and direction of the forces, by 
which the extreme particles are sollicited. 

By this example we see the influence 
which the extent of the sea has upon the 
phenomena of the tides, and the reason 
why they are insensible in the very smatl 
seas, as the Kuxine and the Caspian. The 
magnitude of the tides depends also much 
on local circumstances, The oscillations 
of the ocean, when confined in a aarrow 
channel, may become extremely great, and 
these may be augmented by the reflection 
of the waters from the opposite shore. It 
is thus, that the tides, very small in the 
South Sea islands, are very considerable i In 
our harbours, 

If ihe ocean covered a spheroid of re- 
volution, and experienced no resistance to 
its motion, the instant of high water would 
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be that of the passage of the Sun over the 
superior or inferior meridian; butit is pot 
thus in nature; local circumstances pro- 
duce great variations in the times of high 
water, cven in harbours that are very. near 
each other. ‘To havea just idea of these 
variations, we, may suppose a ,Jarge cang} 
communicating with the sea, and extend- 
ing into the land ; 1t is evident that the unr 
dulations which take place at its entrance, 
will be propagated successively through 
its whole length, so that the figure of atg 
surface willbe formed by, the undulatigns 
of Jarge wayes in motion, which will he 
incessanily renewed, and will describe the 
whole length of the interval of half-a day. 
These waves will produce at every point 
of the canal, a flux and reflux, which will 
follow the preceding laws, but the bourg 
of the flowing will be retarded, in propor- 
tion as the points are further from the 
entrance of the canal. What we have here 
said of a canal, may be applicd to Tivers 
whose ‘surfaces rise and fall by smiles 
waves, notwithstanding thecontrary motion 
oftheir waves. These wayes are observed 
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in all rivers near their embouchure. They 
ure propagated to preat distances in great 
rivers; and at the strait of Pauxis, in the 
tiver of the Amazons, it is sénsible at two 
liundred leagues from the sea. Let us 
Wext consider the action of the Moon, 
which we will suppose to move uniformly 
in the plane of theequator. It is evident 
that it must excite in the ocean, an ebb 
and flow similar to that resulting from the 
aetion of the Sun, and whose period is half 
aiunar day. Now it has been shewn in 
the preceding Book, that the total mo- 
tion of a system agitated by very small 
forces, is equal to the sum of the partial 
thotions, which every force would have 
impressed separately ; the two partial tides, 
therefore, produced by the action of the 
Sun and Moon, combine without derang- 
ing each other, and from their combina- 
tion results the tides, which we observe in 
our ports. 

From hence arise the most remarkable 
phenomena of the tides. The instant of 
the lunar tide is not the same with that of 
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‘the solar tide, since their periods are dif- 
ferent, If these two tides coincide, the 
following lunar tide will retard upon the 
solar tide, by the excess of half a junar 
day, above half a solar day, thatis * 1752" 
Db. ‘These retardations accumulating from 
day to day, the full lunar tide will finish 
by coinciding with the low solar tide, aud 
reciprocally. When the lunar and solar 
tides coincide, the combined tide is the 
gteatest, which happens about the sysi- 
gies. The combined tide is the - least, 
when the full tide, relative to one of the 
bodies, coincides with the low tide. of the 
other, which is the reason of-the tides 
being least at the quadratures. If the ser 
lar tide exceeded the lunar tide, it is clear 
that the hours of the greatest and. Jeagst 
combined tides, would coincide with the 
times at which the solar tide would hap- 
pen, if it alone existed. But if the lunar 
tide exceeds the solar tide, then the. least 
conbiaed tide coincides with the low solar 





#9°97" 8. . 


163 

lide, and consequently its time Is a quar 
ter of a day’s interval from the hour of 
the greatest combined tide. This offers 
an easy method of deciding, if the lunar 
tide is greater or less than the solar tide. 
‘All ibe observations concur in making the 
hour of the least tides differ by a quarter 
of aday from that of the greatest tide, 
which prove that the lunar tide exceeds 
the solar tide. 

We have seen, in the first Book, that 
the mean value of the greatest tide in 
every month, is nearly 5™.888, and that 
the mean least tide is 2™.789. It is easy 
te conclude, after the requisite reductions, 
that the mean lunar tide, that which cor- 
responds to the constant part of the pa- 
rallax. of the Moon, is three times less 
than the mean solar tide; or, in other 
werds, thet the action of the Moon,-to 
elevate the waters of the ocean, 1s three 
times as preat as that of the Sun. 

The extent of the variation of the total 
tides, taken at the maximum, or mini- 

mum, is exactly the same by the theory 
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of gravity, as by observation. ‘Their in- 
crease, in departing from the minimum, 
is the double of their diminution, in de- 
parting from the maximum, as the obser- 
vations indicate. Since the lunar tide ex- 
ceeds the solar tide, the combined tide 
should be regulated chiefly by. the lunar 
tide, and in a given time there should. he 
as many tides as passages of the Mean 
over the superior or inferior meridian, 
which is conformable with what we ob- 
serve. But the instant of the combined 
tide should oscillate round the instant., of 
the lunar tide, according to some law de- 
‘pending on the phases of the Moon, and 
of the ratio of its action, te that of the 
Sun. The first of these instants precedes 
the second, from the greatest to the. least 
tides, and follows it from the least to the 
greatest, so that the mean time of the com- 
bined tide being the same as the luner 
tide, the mean retardation of the tides in 
one day is * 3505". 
* 18' 55" 6, 
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According both to theory and observa- 
tion, the height of the tides, and their 
retardation, vary according to the phases 
of the Moon. The feast retardation coin- 
cides with the greatest height, and the 
greatest retardation with the least héight, 
and the theory, by a remarkable coinci- 
‘dence, gives these retardations * 2705” and 
+907", the same as results from obser- 
‘Vition. 

" This agreement proves the justness of 
‘he theory; ‘and the exactness of the sup: 
‘hosed ratio between the actions of thie Sun 

‘ind‘tie Moon. In changing this ratio a 3 
‘thal quintity, a great discordance would 
Mise in the heights and rétardations, which 
Wherefore are capable ‘of giving us this’ ra- 
fo with great precision. 

We may here make an important Te- 
“fiark, on which depends thie ex planation 
‘of several phenomena relating to the tides, 
“If ‘the spheroid which the sea covers, was 

a solid of revolution, the partial tides 
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would take place at the instant of the pas- 
sages of their respective bodies over the 
meridian. ‘Thus, when the sysygies hap- 
pened at noon, the two tides, lunar and 
solar, would coincide with this instant, 
which would be that of the greatest com. 
bined tide. This greatest tide would take 
plaice at the same day as the sysig-y; if the 
two partial tides followed nearly by the 
same interval, the passage of their re- 
spective bodies over the meridian. But 
the daily motion of the Moon in its orbit 
being considerable, the rapidity of this 
motion may influence very sensibly the in- 
terval between the passage of the Moen 
and the lunar tide. ’ . 

We may form a just idea of this phe 
noriefion, by imagining as above,’ a vast’ 
canal communicating with the ocean, and 
advancing very far into the ‘continent, ‘un- 
der the meridian of its embouchire. ‘If 
we suppose that at this embouchure, the 
full tide takes place at the instant of the 
passage of the heavenly body over the 
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meridian, and that rt employs * twenty- 
one hours to arrive at its extremity, it is 
evident that at this last point, the solar 
tide will happen one hour after the pas- 
sage of the Sun over the meridian. But 
two lunar days forming + 2.070 solar 
days, the lunar tide will only be ¢ 30’ later 
than the passage of the Moon; thus there 
will be § 70’ difference in the intervals of 
the solar and lunar tides, after their reo 
spective passages over the meridian. 

From hence it follows that the maxi- 
mum and minimum of the tides does not 
take place on the very days of the sysigy 
and quadrature, but one or two days af- 
ter, when the interval of the lunar tide 
after the passage of the Moon, added to 
the interval of the passage of the Moon 
after that of the Sun, is equal to the in- 
terval of the solar tide, after the passage 
of the Sun. Thus, in the preceding ex- 
apple, the maximum and minimum, 
which, at the embouchure of the canal, 
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take place the day of the sysygy and. qua- 
drature, will not arrive at its extremity 
_ till * twenty-one hours afterwards. 

I have found, by comparing a great 
number of observations, by different me- 
thods, that at Brest the interval by which 
the greater tide follows the sysygy. is very 
nearly aday and a half. Hence it foliows, 
that in this port the solar tide follows 
the passege of the Sun, t }8358" and that 
the lunar tide follows the passage of the 
Moon ¢ 13101’. The hours of the tide at 
Brest are therefore the same as at the ex- 
tremity of a canal, which should commu- 
nicate with the ocean, if we suppose that 
at its embouchure, the partial tides take 
place at the instant of the passage of their. 
respective bodies over the meridian, and 
that they employ a day and a half to ar-. 
rive at its extremity, supposed 18358" more. 
to the eastward, than its embouchure. And, 
in general, both observation and theory. 
have shewn me, that each of the pérgs in: 
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France, may be.considered: relativelys to 
the tides, as the extremity of a canal, at 
whose embouchure the partial tides take 
place af the very instant of. the pasbage 
ofshe Sun and Moon, and are transmitied 
ju a day and a half to its extremity, aup- 
posed, situated to the eastward of its em- 
houchure, by a quantity very different 
fecthe different ports. | 

., It may be observed that the difference 
in the intervals, by which the. partéal tide 
follow the meridian passages of the bodtes 
which produce them, do. net essentially 
change any of the phenomena of the tides. 
| For a system of bodies moving an the 
equator, it only retards one-day and « 
half the phenomena, winch would tale 
place by calculation from an hypothesis, 
‘ ip which these intervals are nothing... Many 
~ philosophers have attributed the retatda-— 
- tiomof the phenomena of the tides, rela- 
_ tively tothe phasesof the Moon,:t# the 
that tved by .its action, to transmit 
7 * IPN yrth. But this hypothesis 
if / incompat Bie with the inconcetvable 








activity of the attractive force, the proof 
of which will be shewn at the end of the 
Book ; it 1s not therefore to the time em- 
ployed in this transmission, but to that 
necessary to communicate the original 
impressions through the ocean to our 
ports, that we are to attribute this delay. 
The power of a celestial body to raise 
a particleof water placed between it and 
the centre ofthe earth, is equal to the dif- 
ference of its action on the centre and on | 
the particle; and this difference is double 
the quotient of the mass of the heavenly 
body, multiplied by the terrestrial radius, 
and divided by the cube of the distance of 
the centres of the celestial body and the 
Earth. This quotient relatively to the 
Sunj is by the Fifth Chapter, the hundred 
and seventy-ninth part of the force of gra-_ 
vity, which solicits the Moon towards the 
Earth, multiphed by the proportion of the 
terrestrial radius, to the distance of the 
Meza; this force of gravity is very nearly 
equal to the sum of the masses of the Earth 
and Moon, divided by the square of the 


it 


lunar distance; the power of the Sun to raise 
the waters of the sea is therefore eighty- 
nine times and a half tess than the sum of 


the masses of the Earth and Moon, multi- 
.phied by the terrestrial radius and diyided 


by the cube of the lunar distance. 

But this force according to observation, 
is only a third of the force of the Moon, 
which is equal to double its mass, multiph- 
ed by the terrestrial radius, and divided by 
the cube of its distance; thus the mass ofthe 
Moon is to the sum of the masses of the 
Rarth and Moon as 3 15 to 179 : from 


whence it follows that this mass 1s very 
nearly pir of that of the Earth, Its vo~ 


lume being only sears of that of the 
Earth, its density is 0.8401, the mean 
density of the Barth being taken as unity > 


‘andthe weight which on the Earth is 


5 : 


pe 
f 


unity, transported to the surface of the 


Moon, would be reduced to 0.2291, . 
“Nevertheless the irregularity in the 


‘depth of the sea, which, as has been shewn, 


C produces 4 perceptible difference i the 
} interval by which the lunar and solar 
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tides follow the transits of their respective 
bodies over the meridian, may likewise 
influence the proportional: altitudes of 
these two tides. | 

Let us imagine a port situated at the 
junction of two canals, communicating 
with the sea under the same meridian ; 
jet us also suppose that at their em- 
bouchure, the partial tide of each ce- 
lestial body, happens at the very instant 
of its transit over the meridian. The tide 
in the port will be the result of the tides 
transmitted to it by each canal; if the 
tide employs one day to pass from the sea 
to the port by the first canal, and eight 
days and a half by the second, the differ- 
ence of these intervals,being seven days and 

a half, thetwo solar tides of each canal 
will coincide in the port,and the compound 
solar tide will be equal to their sum. But 
us seven solar days anda half only produce 
seven junar days anda quarter ;. the full 
lunar tide of the first canal should coin- 
cide with the last lunar tide of the second ; 
thus the lunar tide in the port wall be 
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only the difference of the lunar tides, trans- 
mitted by the two canals, Supposing 
therefore that at the embouchures the 

‘tides may be proportional to the force of | 
the celestial bodies, they wall cease to be 

. so in the port, where it may even happen 
that the lunar tide may be weaker than 
the solar. 

It is important, therefore, when we wish 
‘to ascertain the proportional forces of the 
Sunand Moon from the phenomena of the 
“tides, to be assured that the observed tides 

are in proportion to these forces. Ana- 
“lysis furnishes different means for this 
‘object; applying them to the observations 
‘made at Brest, | found that this propor- 
tion existed in a very approximate manner; 
‘thus the value which we have assigned to 
‘the mass of the Moon, should differ very 
little from the true value. 

Hitherto we have supposed the Sun and 
Moon moved uniformly on the plane of 
” the equator. Let us now vary their 
“motions and their distances from the 
' centre of the Earth. In developing the 
" 13 


* ve 
expressions of their actions upon the 
ocean, we may represent each term by the 
action of a body moved uniformly in a 
circle round the Earth, it willthen be easy, 
by the principles already explained, to 
determine the flux and reflux of the 
ocean, corresponding to the different ine- 
qualities of the Sun and Moon. In sub- 
mitting in this manner the phenomena of 
the tides to analysis, it 1s found that the 
tides produced by the Sun and Moon aug- 
ment in an inverse ratio to the cubes of 
their distances. The tides ought there- 
fore, ceteris paribus, to increase in the pe-. 
rigee and diminish in the apogee of the 
Moon. This phenomenon is extremely ap- 
parent at Brest ; by examining the obser- 
vations, I find that * 100” of varla- | 
tion in the semi-diameter of the Moon, 
answers to half a metre of variation in the 
total tide, when the Moon is in the equa- 
tor ; and this result of observation is so 
conformable to that given by the theory, 
that we might from this alone have found 
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ihe law of the variation of the Moon’s ac- 
tion relative to its distance. The varia- 
tions in the distance of the Sun from the 
Earth, are sensiblein the heights of the 
tides, but ina much less degree than those 
of the Moon, because its action in elevating’ 
the waters is three times less, and its dis- 
tance from the [Earth varies in a less 
ratio. This result of the theory is also 
verified by observation. The action of 
the Moon being greater and its metion 
more rapid, when itis nearer the Earth,the 
combined tide in the sysygies perigee,ought 
to approximate to the lunar tide, which 
ought itself to approximate to the pas- 
sage of the Moon; for we have seen that 
the partial tide approaches so much nearer 
to the body that causes itas its motion is 
more rapid, the tide’s perigee on the day of 
the sysygy ought therefore to advance, 
and the tide’s apogee to retard. It has 
been mentioned tn the First Book that ac- 
cording to observation, every + minute of 
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increase or diminution in the lunar semi- 
diameter advances or retards the high tide 
by * 354”, which is very nearly what re- 
sults from the theory. The parallax of 
the Moon influences also the interval of 
two consecutive tides of the morning and 
evening, about the sysygies, or in the 
vicinity of the maximum of the tides. 
According to the theory a minute of varia- 
tion in the semi-diameter of the Moon, 
produces a variation in this interval of 
7258", which is exactly confirmed by ob- 
servation, 

This phenomenon equally takes place at 
the quadratures, but the theory shews that 
it is three time less than at the sysygies, 
and this answers to the observations. To 
conceive this we must recollect that the 
daily retardation of the lunar tide, aug. 
ments as the Moon’s motion is the more 
rapid, as happens at the perigee; and 
that the retardation of the tides at the 
sysygies augments and approaches the 
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daily retardation of the lunar tide, when the 
lunar force augments ; these two causes, 
therefore combine in augmenting the inter- 
val of the tides at the sysigies’ perigee. At 
the quadratures, when the lunar force in- 
creases, the daily retardation of the tide 
diminishes,by approaching the retardation 
of the lunar tide; thus the interval of the 
tides is increased by the rapidity of the 
motion of the Moon perigee, and dimi- 
nished by the increase of the lunar force: 
‘these two causes, therefore, acting, then, m 
opposite directions, the increase in the re- 
tardation of the tide is only the effect of 
‘their difference, and for this reason 1s less 
than in the sysygies. Thus, having deve- 
loped the theory of the tides, upon the 
‘supposition that the Sun and Moon move 
‘in the plane of the equator, we shall next 
consider the motion of these bodies, such 
‘as they really are in nature, and we shall 
see that new phenomena arise from their 
‘thange of declination, which, compared 
with observation, tend still more to con- 
firm the preceding theory. ~ 
ED 
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This complicated case may be reduced 
to that of several bodies moved uniformly 
in the plane of the equator, but we must 
sive to these bodies very different motions 
in their orbits. Some moving very slowly, 
produce a flux and reflux, whose period is __ 
half a day, others have a revolution equal 
to half the revolution of the earth, and 
they produce a flux and reflux, whose — 
period isaday. Others have a revolution 
nearly eq ual to the rotation of the 
Earth. They producea flux and reflux’ 
whose periods are of a month and of a 
year. | 

Let us examine these three species of 
tides. 

The first contains not only the oscilla- 
tions which we have considered above, and 
which depend on the motion of the Sun 
and Moon, and on the variations of their 
distances from the Earth, but likewise 
others depending on their declinations. 
Insubmitting these to analysis, we find, 
that the total tides of the equinoctial 
sysygiesare greater than those of the sol- 
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stitial sysygies, in the ratio of radius,to the 
square of the cosine of the declination of 
the Sun, or of the Moon, about the period 
of the solstices; we find, moreover, that 
the tides of the solstitial quadratures ex- 
ceed those of the equinoctial quadratures, 
in a greater ratio than that of radius to 
the square of the cosine of the declination 
of the Moon, about the equinoctial qua- 
dratures. All the observations confirm these 
theoretical results, and leave no doubt of 
the diminution of the action of the bodies, 
as they deviate more or less from the 
equator, * 

The declinations of the Sun and Moon 
sensibly affect even the law of the diminu- 
» tion and augmentation of the tides, rec- 
kong from the maximum or minimum. 
Both by theory and observation, their di- 
_ minution is about one-third more rapid in 
the equinoctial sysygies,than in the solsti- 
tial. ‘Their increase, both by theory and 
_ observation, is about twice as rapid in the 
- equinoctial quadrature, as in those of the 
 sglstice. - 
| 16 
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The position of the nodes is likewise 
sensible in the height of the tides, by its 
influence on the declinations of the Moon. 

The motion of the Moon, in right as- 
cension, being more rapid in the solstices 
than at the equinoxes, must bring the lu- 
nar tide nearer to the Moon’s meridian 
passage ; the hour of the tides in the 
equinoctial sysygies should retard upon 
the hour of the solstitial sysygies ; for the 
same reason, the hour of the tide, at the 
solstitial quadratures, should retard on 
that of the equinoctial quadratures ; the 
theory gives this latter retardation about 
quadruple that of the first. 

The declinations of the Sun and Moon 
influence likewise the daily retardation of 
the equinoctial and solstitial tides ; -it 
should be greater about the solstitial sy- 
sygies, than at the equinoctial, and still 
ereater about the equinoctial quadrature, 
than at the solstitial ; and in this second 
case, the difference in the retardation is 
four times greater than in the first: and 
observation confirms, with remarkable pre- 
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cision, all these theoretical results, The 
tides of the second class, whose period is 


_aday, are proportional to the product of 


the sine, by the cosine of the declination 
of the body. They are nothing when it 


isin the equator, and they increase ag it 


departs fromit, By being combined with 
the tides of the first class, they render the 
two tides of the same day unequal. it 
is for this reason, that the morning tide 
at Brest is about 07.183 greater than the 
evening tide, about the sysygies of the win- 
ter solstice, and less by the same quantity 


about the summer solstice, as has been 


observed in the First Book: for the same 


_ cause the morning tide is greater by G™. 


136, about the equinoctial quadratures of 


7h 


autumn, and less by the same quantity at 


the equinoctial quadratures in the spring’. 


In general, the tides of the second class 
are not very considerable in our harbours, 


, their magnitude 1s an arbitrary quantity, 


depending on local circumstances, which 


May augment them, and diminish at the 


same time the tides cf the first class, so 
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asto render the former insensible. For, 
jet us conceive a large canal communicat- 
ing by its two extremities with the ocean, 
the tide in a port situated on the border of 
this canal, will be the result of the undula- 
tions transmitted through its two ¢mdou- 
chures. Now it may happen that the un- | 
dulations of the first class arrive at such 
atime, thatthe maximum of one may coin- 
cide with the minimum of the other, and | 
if these should be equal, it is clear that 
there would be neither flux nor reflux in 
this port, in consequence of these uadu- 
lations. But there willbe a flux produced 
by the undulations of the second class, 
which, having a period twice as long, will 
not correspond in such a manner, as for 
the maximum of those which enter by one 
embouchure, to coincide with the mini, 
mum of those which enter by the other. 

In this case, there will be no tide whep 
the Sun and Moon are in the plane of the 
equator ; but it will become sensible when 
the Moon deviates from this plane, and 
then there will be one flux and ove reflux 
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in each lunar day, so thatif the flux ar- 
tives at the setting of the Moon, the re- 
flux will'take place when it rises. This 
singular phenomenon has been observed at 
_ Batsha, a port in the kingdom of Tun- 
quin, and in some other places. It is pro-~ 
bable, that observations made in the dif- 
ferent parts of the world, would afford all 
the intermediate varieties between the tides 
of Batsha, and those of our ports. 

Let us consider, finally, the tides of the 
third class, whose periods are very long; 
and independant of the rotation of the 
Earth. If the length of this period was 
infinite, these tides would have no further 
ellect than to change the permanent figure 
of the ocean, which would soon arrive at 
that state of equilibrium due to the forces 
which produce them. But it is evident 
that the length of these periods will pro- 
duce nearly the same effect on the tides, 
as in the case of its being infinite. Wee 
may therefore consider the ocean as con- 
stantly in equilibrio, under the action of 
_ fictitious bodies, which produce tides of 
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the third class, which may be determin 
inthis hypothesis. These tides are ye 
small, but are nevertheless sensible 
Brest, and correspond to the result ofc: 
culations. | 

I have entered into a long detail on tl 
tides, because itis the nearest and most pe 
ceptible result of the celestial attractio 
to us, and one most worthy the attentic 
of philosophers. We see. by the expos 
tion which I have made, the agreement ¢ 
the theory of the tides, founded on th 
law of universal gravitation, with th 
phenomena of the heights and interyal ¢ 
the tides. If the Earth had no satellit 
if its orbit was circular, and situated o 
the plane of the equator, we should an} 
have had, to have enable us to recogniz 
the action of the Sun upon the ocean, th 
hour of high water always the same, an 
the law of its formation. But the action c 
the Moon, combining with that of the Sur 
produces in the tides varieties relative t 
its phases, which, by their agreement wit 
observation, give a great probability ¢ 
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the truth of the theory of gravitation. 
All the inequalities of motion, produced 
by the declinations and distances of these 
two bodies, give rise to a number of phe- 
nomena, which, being recognized by ob- 
servation, place this theory out of the 
shadew of doubt, It is thus that the va- 
ricties in the action of causes, establish 
their existence. 

The action of the Sun and Moon on 
the Earth, a necessary consequence of the 
umversal attraction, demonstrated by ail 
the celestial phenomena, being directly 
confirmed by the phenomena of the tides, 
ought to leave no uncertainty on the 
subject. It is indeed brought now to such 
a degree of perfection, that not the least 
difference of opinion exists upon the sub- 
ject, among men sufficiently learned in the 
aclence of geometry and mechanics, to 
comprehend its relation with the law of 
. universal gravitation. 

A long series of observations, more pre- 
cise than have hitherto been made, will 
rectify the elements already known, and 
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fix the value of those which are uncertain s 
and develope phenomena which before | 
were obscured in the errors of observa- - 
tion, The tides are not less interesting to 
understand, than the inequalities of the 
heavenly bodies, and equally merit the at- 
tention of ebservers. We have hitherto 
neglected to follow them with sufficient 
precision, because of the irregularities 
they present. But I can assert, after a 
carcful investigation, that these irregzula- 
rities disappear by multiplying the ob- 
servations; nor is it necessary that their - 
number should be extremely great, parti- 
cularly at Brest, whose situation is very 
favourable for this species of observation, 

I have now only to speak of the method 
of determining the time of high water, 
on any day whatever. We should recol- 
lect, that each of our ports may be consi- | 
dered as the extremity of a canal, at whose 
embouchure the partial tides happen at 
the moment of the passage of the Sun 
and Moon over the meridian, and employ 
a day anda half to arrive at its extremity, 
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supposed eastward of its embouchure, by 
ea certain number of hours.—This num- 
ber is what I call the fundamental hour of 
the port. It may easily be computed 
from the hour of the establishment of the 
port, by considering this as the hour of 


the full tide, when it coincides with the 


sysygy. The retardation of the tides, 


from one day toanother, being then * 2705", 


it will be + 3951” for one day and a half, 
which quantity 1s to be added to the hour 


of the establishment, to have the funda- 


mental hour. Now, if we augment the 
hours of the tides at the embouchure by 
- +15 hours, plus the fundaméntal hours, 
~ we shall have the hours of the correspond- 
: ing tides in our ports. Thus, the problem 


, consists in finding the hours of the tides 
‘ina place whose longitude is known, on 


7 
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the supposition that the partial tides hap- 
pen at the instant of the passage of the 
Sun and Moon over the meridian. For 
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Ids 
this purpose analysis affords very simpl 
formula, which are easily reduced to ta 
bles, and very useful to be inserted i 
the cphemerides that are destined for na 


vigators. 
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CIIAP. XT. 


On the Stability of the “equilibrium of the Ocean. 


Sevenar itrerular causes, such as hurri- 
canes and earthquakes, agitate the sea, 
elevate it to a great height, and some- 
times oblige it to forsake its limits. Ne- 
vertieless, observation shews us that it 
has a tendency to return to its former state 
of equilibrium, and that the friction and 
resistances of all kinds that it experiences, 
would very soon bring it to this state, with- 
out the action of the Sun and Moon. This 
tendency constitutes the stable equill- 
brium, which we mentioned in the Third 
Book, We have there shewn that the 
stability of the equilibrium of a system of 
bodies may be absolute, or take place, 
whatever small derangement it mlay re- 
celve ; or it may. be relative, and depend 
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on the nature of the primitive disturb- 
ance. ‘To which class belongs the stabi- 
lity of the ocean? This is what observa- 
tion cannot teach us with absolute certain- 
ty; for, although in the almost infinite 
variety of disturbances to which the ocean 
is hable, from the action of irregular 
causes, it may appear to return to its for- 
mer state ofequilibrium; yet we may ne 
vertheless apprehend, that some extraordi- 
ary cause may communicate to itashoek, 
which though inconsiderable at its ori- 
gin, may augment continually, and elevate 
it above the highest mountains: this would 
explain several phenomena in natural his- 
tory. Itis therefore interesting to inves- 
tigate the conditions which are necessary. 
for the absolute stability of the ocean, and 
to examine if these conditions exist In 
nature. In submithing this object to ana~ 
lysis, IT have assured myself that this 
equilibrium is stable, if its density is less 
than the mean density of the Earth, which 
is extremely probable, for it is naturakto 
think, that the strata are more dense as 
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they approach the centre. We have be- 
sides seen, that this is proved by expert- 
ments on pendulums, by the measurement 
of degrees, and by the attractions of moun- 
tains. It appears then, that the equili- 
brium of the ocean is stable, and if, (as 
seems certain) the waters have formerly 
covered continents, which at present are 
elevated much above its level, we must 
not search for the cause in the want of 
- stability in their equilibrium. I have like- 
wise discovered, by the means of analysis, 
that this stability would cease to exist, if 
the mean density of the sea exceeded that 
of the earth, so that the stability of the 
equilibrium of the acean, and the excess 
of the density ofthe terrestrial globe above 
that of the waters which cover it, are re- 
ciprocally connected one with the other. 


‘ 
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CHAP. XI. 


Of the Oscillations of the Atmosphere. 


To arrive at the ocean, the action of ti 
Sun and Sfeon must traverse the al mie 
sphere, which must necessarily be subject 
to their influence, and experience similar 
oscillations to those of the ocean. ~ From 
hence arise winds and variations in the 
barometer, the pertods of which are the 
same as those of the flux and reflux-of 
the occan. . But these winds are very in~ 
considerable, and almest insensible, In an 
atmosphere so much agitated by. other 
causes. ‘Uhe cxtent in the oscillations of 
the barometer, is enly one millimetre at 
the equator, where it is the rreatest, Nex | 
vertheless, as local circumstances rmaay Con : 
siderably augment tlic oscillations dfadbe « 
ocean, tley may equally increase the 6a 
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eillations of the barometer, the observa- 
tion of which merits the notice of philo- 
sophers. 

We may here remark, that the action of 
the Sun and Moon, produce neither in the 
ocean nor in the atmosphere, any motion 
from east to west. That which -1s observ- 
_ed in the atmosphere, between the tropics, 
| pader the appellation of the trade-wigds, 
_ proceeds therefore from some other cause 
this seems to be the moat probabla.2:. 

The Sun, which we will suppose, for 
the sake of simplicity, in the plane of the 

equator, there rarifies by its heat the co- 
-Jumns of air, and elevates them above their. 
antural level, they should then reedeseend 
“by their weight, and be carried towards 
the poles in the superior part of the at- 
mosphere, but at the same time, a current 
of cool air-should arrive from the climates 
hear the poles, to replace that which has 
been rarefied at the equator. ‘Thus, two 
opposite currents of air are established, 
» OBB, in the inferior, the other in the 
‘auperior part of the atmosphere. * But 
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do under the covenant of works? 

Feb. 1. Walked with M. tothe British Museum, 
and though I saw there much for which I could at times 
vloriy God,—as the varieties of birds, fishes, reptiles, 
minerals, &c. and the works of his intelligent creatures, 
--I was plagued with the workings of an evil, selfish, 
dissipated, discontented heart. 

3. Went to bed with an earnest and hopeful desire 
of liviag in poverty of spirit and a sense of my own 
unworthiness. : 

4. Thetemper I wished to retain was a source of 
great tranquillity to me this morning. f was rather 
oppressed with care, yet J checked the suggestions of 
sloth by considering the example of Christ aad his 


injgters in the nresent day,.and was rather hymbled 
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If we consider all the causes which 
disturb the equilibrium of the atmosphere, | 
its great mobility arising from its fluid- 
ity and elasticity ; ; the influence of heat 
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rection of the meridians; we should 
not be surprized at the mconstancy and 
variety of its motions, which it would be 


very difficult to subject to any fixed and 
certain laws, 
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the axis of the poles, and of a meniscus 
surrounding the sphere, and whose greatest 
thickness corresponds with the equator of 
the spheroid. The particles of this me- 
—niscus may be considered as so many small 
moons adhering together, and which make 
their revolutions in a period equal to the 
revolution of the Earth on its axis. 

The nodes of all their orbits should 
therefore have a retrograde motion, . aris- 
ing from the action of the Sun, in the same 
manner ag the nodes of the lunar orbit ; 

_ and from the connection of these bodies to~ 
gether, there should succeed a retrograde 
motion of the whole meniscus; but this 

; meniscus divides its retrograde motion, 

| , with the sphere to which it is attached, 
. which, for this reason, becomes slower ; 
the intersection of the equator and the 
ecliptic, that is to say, the equinoctial 
- points, should have a retrograde motion. 
: “*Let us endeavour to investigate both the 
’ Jaw and the cause of this phenomena. 
ss And first we will consider the action of 
the Sun upon a ring, situated in the plane 
; x3 
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ef Revelations, aud so very livelyiwas the impression 

en my mind, that I was often ia /ears. So awful, so 
awakening is this book to me!,~ Prayed with more 
fervour than 1 have done of late, and went to bed full 
of the sense of the importance of eternal things. 
: @&. In the morning F sought to rouse myself to — 
greater earnestness in prayer. It was my earnest de- 
sire to walk in the fear of God’s holy name, and to - 
hage a more awful alarm about my state, and to dread 
his displeasure. Looked at an iron foundry in Wall's — 
Lane: the fierce fire raised many solemn ideas of © 

 God’sa power, and of hell. | 
» 9. yak church this morning I began to read the 
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all the time continuing stationary ; and 
this would be the case but for the motion 
of the ring, which we now suppose to 
turn round in the same time as the Earth. 
_ By this motion, the ring is enabled to pre- 
serve 4 constant inclination to the ecliptic, 
aud to change the effect of the action of 
the Sun into a retrograde motion of the 
nodes. It gives to the nodes a variation, 
which otherwise would be in the inclina- 
tion, and it gives to the inclination a per- 
manency, which otherwise would rest 
with the nodes. To conceive the reason 
of this singular effect, let us suppose the 
situation of the ring varied an infinitely 
small quantity, in such a manner that the 
plancs of its two positions intersect cagh 
other, in a line perpendicular to the line 
of nodes. | : 

At the end of any instant whatever, we 
may decompose the motion of each of its 
“points into two, one of which should sub- 
sist alone in the following instant, the 
other perpendicular to the plane of the 
ring, and which should be destroyed. It 
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is evident that the resulting force of these 
second motions, relative to all the points 
‘of the upper part of the ring, will be per- 
pendicular to its plane, and placed on the 
diameter which we just now considered, 
and this is equally true for the lower part 
of the ring. That this resulting force 
may be destroyed by the action of the so- 
lar orbit, and that the ring, by virtue of 
these forces, may remain in equilibrio on 
its centre, it is requisite that these forces 
should be contrary to each other, and their 
moments, relatively to this point, equal. 
The first of these conditions requires that 
the change of position, supposed to be 
givento the ring, be retrograde; the se- 
cond condition determines the quantity of 
this change, and consequently the velocity 
of the retrograde motion of the nodes, 
And it is easily demonstrated, that this ye- 
locity is proportional to the mass of the 
Sun, divided by the cube of the distance 
from the Earth, and multiplied by the 
cosine of the obliquity of theecliptic. 

Since the planes of the ring, in its two 
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consecutive positions, intersect each other 
in a diameter perpendicular to the line 
of its nodes, it follows that the inclination 
of these two planes to the ecliptic, 1s con- 
stant, and the inclination of the ring does 
not vary, by the mean action of the Sun. 

That which has been explained rela- 
tively toa ring, may be demonstrated by 
analysis, to hold true in the case of a 
spheroid, differing but little from a sphere, 
‘The mean action of the Sun produces in 
the equinoxes a motion proportional to its 
mass, divided by the cube of its distance, 
and multiplied by the cosine of the inclt- 
nation to the ecliptic. This motion is re- 
trograde when the spheroid is flattened at 
the poles; its velocity depends on the 
compression of the spheroid, but the in- 
clination of the equator to the ecliptic, 
always remains the same. 

The action of the Moon produces like- 
wise a simijar retrogradation of the nodes 
of the terrestrial equator, in the plane of 
its orbit; but the position of this plane 
and its inclination to the equator incese 
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santly varying, by the action of the Sun 
and the retrograde motion of the nodes 
produced by the action of the Moon, being 
proportional to the cosine of this inclina- 
tion, this motion is variable. 

Besides, in supposing it uniform, it 
would, according to the position of the lu- 
nar orbit, cause a variation bothin the retro- 
grade motion of the equinoxes, and in the 
inclination of the equator to the ecliptic. 
A calculation, by no means difficult, is suf- 
ficient to show, that the action of the 
Moon, combined with the motion of the 
plane of its orbit, produces 1, A mean mo- 
tien in the equinoxes, equal to that which 
if would produce if if moved in the plane 
of the ecliptic. 2%. An inequality sub- 
tractive, from this retrograde motion, and 
proportional to the sine of the longitude 
of the ascending node of the lunar orbit, 
3. A diminution in the obliquity of the 
ecliptic, proportional to the cosine of this 
same angle. ‘Ehese two inequalities are 
represented at once by the motion of the 
extremity of the terrestrial axis (pro- 
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longed to the heavens } round a small el- 
lipse, conformably to the laws explained 
in Chap. X1¥. of Book f. 

The greater axis of this ellipse is to the 
lesser, as the cosine of the obliquity of the 
ecliptic is to the cosine of double this obli- 
quity. We may comprehend from what 
has been said, the cause of the precession 
of the equinoxes,and of the nutation of the 
Earth's axis, but a rigorous calculation, 
and a comparison of its results with ob- 
servation, is the true test of the truth of 
atheory. That of universal gravitation 
‘3 indebted to d'Alembert, for the advan- 
tage of having been thus verified in the 
case of the two preceding phenomena. 
This great mathematician first determined 
py a beautiful analysis the motions of the 
axis of the Earth, by supposing the 
strata of the terrestrial spheroid to be o 
any density or figure whatever, and he no 
only found his results exactly conformab} 
to observation, but obtained an accurat 
determination of the dimensions of th 
small ellipse described by the pole of th 
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Earth, as to which the observations of 
Bradley had left some little doubt. 

The influence of a heavenly body, either 
upen the motion of the terrestrial axis of 
the Earth, or upon the ocean, is always 
proportional to the mass of that body, 
divided by the cube of the distance of that 
body fromthe Earth. The nutation of 
the Earth’s axis being due to the action of 
the Moon alone, while the precession of 
the equinoxes arises from the combined 
action of the Sun and Moon, it follows 
that the observed values of these two phe- 
nomena, should give the ratio of their 
respective actions. If we suppose, with 
Bradley, the annual precession of the 
equinoxes to be *154"4, and the whole ex- 
tent of the nutation $35"6, the action of 
the Moon is found to be double that of 
the Sun. Butavery small difference in 
the extent of the nutation, produces a very 
considerable one in the ratio of the actions 
of these two bodies, to make it equal three 
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to one, as indicated by the observations of 
the tides, it is sufficient to suppose the 
extent of the nutation *62.2, Dr. Maske- — 
lyne, by re-examination of the observations 
of Bradley, finds this quantity +58'6, 
which differs but [3°6 from the result 
obtained by the phenomena of the flux 
and reflux of the ocean. So smali a quan- 
tity being nearly insensiblein the observa~ 
tions of the fixed stars, the ratio of the 
solar and lunar action is better determined 
by that of the tides ; 1t seems to me, there- 
fore,that we should &x the equation of the 
nutation at §31"l, that of the precession 
at 58°2, and the lunar equation.of the 
tables of the Sun, 127"5. The phenomena 
of the precession and of the nutation 
throws a new light on the constitution of 
the terrestrial spheroid. They gave a 
limit to the compression of the earth sup- 
posed elliptic, hence it appears that this 
compression does not exceed 745, which 
accords with the expcriments that have 
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been made on pendulums, We have seen 
in Chap. Vil. that there exists in the ex- 
pression of the radius vector of the terres~ 
trial spheriod, terms, which, but hitle 
sensible in themselves, and on the lenoth 
of the pendulum, cause the degrees of the 
meridian to deviate considerably from the 
elliptic figure. These terms disappear 
entirely in the values of the precession and 
nutation, and for this reason, these pheno- 
mena agree with the experiments on pen- 
dufums, ‘Phe existence of these terms, 
therefore reconciles the observations of the 
lunar parallax, those of the peudulums 
acd degrecs of the meridian, and the phe-: 
homena of precession and mutation. 
Whatever fivure and density we sup- 
pose in the strata of the Farth, whether 
or not it be a solid of revolution, provided 
wt differs little from a sphere, we may 
always assign an elliptic solid of reyo- 
lution, with which the precession and ny. 
tatton will be the same. Thus in the hy- 
pothesis of Beuguer, of which we have 
spoken Chap. VII., and according te 
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which the increase of the degrees varies 
asthe fourth power of the sine of the lati- 
tude, these phenomena are exactlythe 
came as if the Earth were an ellipsoid 
whose ellipticity was zy; but we have 
seen that observations do not permit us to 
suppose a greater ellipticity than 44, 80 
that these observatious, and the ex perl- 
ments on pendulams, combine to disprove 
ihe hypothesis of Bouguer. 

We have hitherto supposed the Earth 
entirely solid, but, this nlanet being co- 
vered in great part by the waters of the 
ocean, ought not their action to change 
the phenomena of the precession and nu- 
tation ? This question it is of importance 
to consider. 

The ocean in consequence of its fluidity 
‘g obedient to the action of the Sun and of 
the Moon. Ut seems at first'sight that 
their re-action should not affect the axis 
ofthe Earth. D’Alembert and every ma- 
thematician since, who has investigated 
these motions, have entirely neglected it, 
they have even commenced from that 
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point to reconcile the observed quantit 
of the precession and nutation, with th 
measure of the terrestrial degrees. Ne 
vertheless a more profound examinatio) 
of this question has shewn us, that th 
fluidity of the sea is not a sufficient rea. 
son to neglect their effect in the preces 
sion of the equinoxes; for if onone hand 
they obey the action of the Sun and Moon 
on the other, the force of gravity tends tc 
bring them back without ceasing, toa state 
of equilibrium, and permits them to make 
but small oscillations ; it is therefore pos: 
sible, that by their attraction and pression 
on the spheroid which they cover, they 
may communicate at least in part, the 
same moticn to the axis of the Earth 
which they would if they could possibly 
become solid. Besides we may by simple 
reasoning, be convinced that their actior 
is of the same order asthe action of the 
Sun and Moon, on the solid part of the 
Earth, oe 

Let us imagine this planet homogeneow 
and of the same density asthe ocean, and 
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moreover that the waters take at every 
instant the figure that is requisite for the 
equilibrium of the forces that animate 
them. If inthese hypotheses the Earth 
should suddenly become entirely fluid, 
it would preserve the same figure and. 
all its parts: would remain in equili- 
brio, and the axis of the Earth would have 
no tendency to move, and it is plain that 
the same should be the case, if a part of 
this mass should form, by becoming solid 
the spheroid which the ocean covers, The 
preceding hypotheses serve asa founda- 
tion to the theories of Newton, relative 
ta the figures of the Earth, and of the 
tides. 3 | 

It is remarkable, that among the in- 
finite number of those which may be 
chosen on this subject, thia great geome- 
trician has selected two which give nei-. 
therthe precession nor the nutation ; the 
 re-action of the waters destroying the 
effect of the action of the Sun and Moon, 
upon the terrestrial nucleus, whatever 
may be its figure. Itis true that these 
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two hypotheses, particularly the last, are 
not conformable to nature,but we may see, 
apriori, that the effect of the re-action 
of the waters, although different from that 
which takes place in the hypothesis 
of Newton, is nevertheless of the same 
order. , 

The investigations which I have made 
on the oscillations of the ocean, have ena- 
bled me to determine this effect of the 
re-actiou ofthe waters in the true hypo- 
thesis of nature, and have led to this re- 
markable theorem. : 

Whatever may be the law of the depth 
of the ocean, and whatever the figure of 
the spheroid which it covers, the pheno 
mena of the precession and nutation will 
be the same asif the ovean formed a solid 
mass with this spheroid. 33 

If the Sun and Moon acted only on the 
Earth, the mean inclination of the equa: 
tor to the ecliptic would be constant, but 
we have seen that the action of the planets 
continually changes the position of the 
terrestrial orbit : and produces a diminu- 
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tion of its obliquity to the equator, which 
is fully confirmed by observations an- 
cient and modern, the same cause gives to 
the equinoxes a direct annual motion of 
0"5707; thus the annual precession pro- 
duced by the action of the Sun and Moon 
is diminished by this quantity in conse- 
quence of the action ofthe planets ; with- 
out this action it would be * 155’20. 
These effects of the action of the planets 
ure independent of the compression of the. 
terrestrial spheroid, but the action of the 
Sun and Moon, upon the spheroid, mo- 
difies these effects and changes their laws. 

If we refer toa fixed plane the position 
ofthe orbit of the Earth, and the motion 
of itsaxis of rotation, it will appear, 
that theaction of the Sun in consequence. 
ofthe variations of the ecliptic, will pro- 
duce in this axis an oscillatory motion 
similar to the nutation, but with this differ-- 
ence, that the period of these variations. 
being incomparably longer than that of 
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the variations of the plane of the lunar 
orbit, the extent of the corresponding 
oscillation in the axis of the Earth is much 
greater than in the nutation. ‘The action 
of the Moon produces in this same axis @ 
similar oscillation, because the mean incll- 
nation of its orbit, to that of the Earth 1s 
constant. The displacement of the eclip- 
tic, by being combined with the action of 
the Sun and Moon upon the Earth, pro- 
duces upon its obliquity to the equator, a 
very different variation from that which 
would arise from this change of position 
only: the entire extent of this variation 
would be by this alteration of the eeliptic, 
about *12 degrees, and the action of the 
Sun and Moon, reduces it to about rs 
degrees. 

The variation in the motion of the equi- 
noxes, produced by these same causes, 
changes the duration of tbe tropical yearin 
different centuries, The duration diminishe: 
as this motion augments, which 1s the case 
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at present, andthe actuallength of the year 
is shorter by about *12", thaf in the time 
of Hipparchus. But this yartation in 
the length of the year has its limits, 
which are restricted by the action of the 
Sun and Moon, upon the terrestrial sphe- 
roid. The extent of these limits would 
be about f 500”, by the alteration in 
the position of the ecliptic, but it is 
reduced to ¢ 120” by this action. 
Lastly, the day itself, such as we have 
defined it in the First Book, is subject by 
‘the displacement of the ecliptic, combined 
withthe action of the Sun and Moon, to 
-yerysmall variations which are indicated 
by the theory, but are quite insensible 
toobservation. According to this theory 
the rotation of the Earth is uniform, and 
the mean length of the day may be sup” 
posed constant, an important result for 
astronomy, as it is the measure of time, 
and of the revolutions of the heavenly bo- 
dies. Ifit should undergo any change, 
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it would be recognized by the alteration 
in the number of these revolutions, which 
would be increased or diminished accord- 
ing to their length, but the action of thé’ 
heavenly bodies does not cause any sensi~" 
ble alter#tion. | 

Nevertheless, it might be imagined 
that the trade winds which blow con- 
stantly from east to west between the 
tropics, would diminish the velocity of 
the rotation of the Earth, by their action 
onthe continents and mountains. It ié: 
impossible to submit this action to ana-- 
lysis, fortunately it may be demonstrated ° 
that this action on the rotation of the’ 
Earth is nothing, by means of the prin- 
cipleof the conservation of. areas, which 
we have explained in the Third Book. 
According tothis principle, the sum of. 
all the particles of the Earth, the ocean 
and the atmosphere, multiplied respec- 
tively by the areas which their radii 
vectores describe round the centre of gra- 
vity of the Earth, projected on the plane 
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of the equator, is ‘constant in ‘a given 
time. ° : 

The heat of the- Sun can produce no 
effect, because it dilates. bedies equally 
in every direction, and itis evident that if 
the rotation of the Earth should @minish,. 
 thissum would be less. Therefore the 
trade winds which are produced by the 
heat of phe Sun, cannot alter the rotation of 
the Earth. To produce any sensible alter- 
ation in its period, some great change must 
take place in the parts of the terrestrial 
spheroid : thus a great mags taken from the 
poles to the equator, would make this ro- 
tation longer, it would become shorter | if 
the denser materials were to approach the 
- centre or axisofthe Earth ; but we see no, 
~ cause that can displace such great masses 
io such great distances, as to produce any 
variation in the length of the day, which 
may be regarded as one of the most con- 
stant elements in the system of the world, 
It isthe same with the points where the 
axis of rotation meets the surface. If the 
Earth turned round successively different 


diameters, mekiog with each other consi- 
derable angles, the equator and the poles 
would change places on the Earth ; and 
the ocean, flowing continually towards the 
new equator, would alternately overwhelm 
and then abandon the highest mountains ; 
but all the investigations which I have 
made upon this change of position jn the 
poles, convince me that it is insensiple. 
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CHAP. XIV. | 
On the Libration of the Moon, 


We have now only to explain the cause 
of the bration of the Moon, and of the 
~ nodes of its equator. | 
The Moon, in virtue of its motion of 
rotation,is a little flattened at its poles; but 
the attraction of the Earth, must have 
lengthened a little that axis which is turn- 
: edtowards it. If the Moon were homo- 
geneous and fluid, it would (to be in equi- 
_librio) assume the form of an ellipsoid, 
of which the lesser axis passed through 
the poles of rotation; the greater axis 
would be directed to the Earth, and in the 
plane of the lunar equator, and the mean 
axis would be situated in the same plane 
perpendicular to the other°two. The 


excess of the greatest above the least 
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axis would be quadruple the excess of 
the mean above the least, and nearly 
equal +5177, the least axis being taken as 
unity. ; 

We may easily conceive that if the 
greater axis of the Moon deviates a little 
fromthe direction of the radius vector, 
which joins its centre with that of the 
Earth, the terrestrial attraction will tend 
to bring it down to this radius,in the same 
manner as gravity brings a pendulum 
towards the vertical. If the primitive 
motion of rotation of ibis satellite, had 
been sufficiently rapid to have overcome 
this tendency, the period of its rotation 
would not have been perfectly equal to 
that of its revolution, and the difference 
would have discovered to us successively 
every point inits surface. But at their 
ofigin the angular motions of rotation 
and revolution having differed but lit-. 
tle; the force by which the greater 
axis of the Moon tended to deviate from 
the radius vector, was not sufficient to 
overcome the teudency of this same axis 
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towards the radius, due to the terresttial 
gravity, which by this means has rendered 
their. motions rigorously equal and im 
the same manner as @ pendulum, drawn 
aside from the vertical by a very small 
force, continually returns, making small 
vibrations on each side of it, so the greater 
axis of the lunar spheroid ought te oscil 
late on each side of the mean radius vector 
of its orbit. Hence would arise a motion 
of libration, of which the extent would 
depend on the primitive difference be- 
tween the angular motions of rotation and 
revolution of the Moon. ‘This difference 
must haye been very small, since it has 
not been perceived by observation. 

Thus we see that the theory of gravita- 
tion explains in a sufficiently satisfactory 
saanner, the rigorous equality of these two 
mean motions of rotation and revolution in 
the Moon, It would be against all pro- 
hability to suppose, that these two motions 
had been at their origin perfectly equal, 
but for the explanation of this pheno- 
menon, itis enough that their primitive 
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difference was but small, and then 
the attraction of the Earth would esta- 
blish the equality which at present sub, 
sists, ' 

The mean motion of the Moon beiug 
subject to great secular inequalities, which 
amount to several circumferences, it is evi- 
dent that if its mean motion of rotatioa 
were perfectly uniform, this satellite 
would, by virtue of these inequalities, pre- 
sent successively to the Earth every point 
on its surface, and its apparent disk would 
change by imperceptible degrees, in pro- 
portion as these inequalities were deve- 
loped ; the same observers would see it 
always pretty nearly the same, and there 
would beno considerable difference but to 
observers separated by an interval of seve- 
ralages. But the cause which has thus 
established an equality between the mean 
motions of revolution and rotation, should 
take away all hope from the inhabitants of 
the Earth,of sceing the opposite side of the 
Jnnar hemisphere. The terrestrial attrag- 
tion, by continually drawing towards us the 
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preater axis of the Moon, causes its motion 
of rotation to participate in the seculat 
inequalities of its motion of revolution, 
and the same hemisphere to be constantly 
directed towards the Earth. 

The same theory ought to be extended 
to all the satellites, in which an equality 
m their motion of rotation and of revolu- 
tion round their planet has been observed. 

The singular phenomenon of the coin~ 
cidence of the nodes of the equator of the 
Moon, with those of its orbit, is another 
consequence of the terrestrial attraction. 
This was first demonstrated by Lagrange, 
who by a beautiful analysis was conducted 
to acomplete explanation of all the ob- 
served phenomena of the lunar spheroid. 
The planes of the equator and of the orbit 
of the Moon, and the plane passing through 
its centre parallel to the ecliptic, have 
always very nearly the same intersection ; 
the secular motions of the ecliptic, neither 
alter the coincidence of the nodes of these 
three planes, nor their mean inclination, 
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which the attraction of the Earth con- 
stantly maintains the same. 

We may observe here, that the preced- 
ing phenomena cannot subsist with the 
hypothesis in which the Moon, originally 
fluid and formed of strata of different den- 
sities, should have taken the figure suited 
to their equilibrium. They indicate be- 
tween the axes of the Moon, a greater 
inequality than would take place in 
this hypothesis. The great inequalities 
which we observe at the surface of the 
Moon, have without doubt a sensible in- 
fluence on these phenomena. 

Whenever nature subjects the mean mo- 
tions of the celestial bodies to determinate 
conditions, they are always accompanied 
by oscillations, whose extent is arbitrary. 
Thus the equality of the mean motions of 
revolution and rotation produce a reat li- 
bration in this satellite. In lke manner 
the coincidence of the mean nodes of the 
equator and lunar orbit, is accompanied 
by a libration of the nodes of this equator 
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xound those of the orbit, a libration $0 
small as hitherto to have escaped obser- 
vation. We haveseen that the real libra- 
tion of the greater lunar axis is insensible, 
and we lave observed, (Chap. VI.) that 
the libration of the three satellites of Ju- 
piter isalso insensible, It is remarkable, 
that these librations, whose extent is arbi- 
trary and might have been considerable, 
should nevertheless be so very small; we 
mustattribute this to the same causes ag 
originally established the conditions on 
which they depend. 
But relatively to the arbitrary quanti- 
ties, which relate to the initial motion of 
rotation of the celestial bodies, it is natural 
to think that without foreign attractions, 
alltheir parts, in consequence of the fric- 
tion and resistance which is opposed to 
their reciprocal motion, would in process 
oftime, acquirea permanent state of equi- 
librium, which cannot exist but with an 
uniform motion of rotation, round an inva- 
riable axis; so that observation should no 
longer indicate in this motion any other 
L 4 
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inequalities than those derived from these 
attractions. The most exact obserya- 
tions shew that this is the case with the 
Earth, the same result extends to the 
Moon, and probably to the other celestial 
bodies. 
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CHAP. XY. 
Reflections on the Law of Universal Gravitation. 


Iw considering the whole of the pheno- 
mena of the solar system, we may arrange 
them in the three following classes: 

The first embraces the motions of the 
centre of gravity about the foci of the 
principal forces which animate them. 

The second includes all that relates to 
the figure and oscillations of the fluids 
that surround them. | 

And the third comprekends the motions 
of these bodies round their centres of gra- 
vity. It isin this order that we have ex- 
plained the different phenomena, and we 
have seen that they are necessary conse- 
quences of the principle of gravitation. 
This principle has made us acquainted 
with a great number of inequalities, which 
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it would have been impossible to have 
unravelled by observation alone; it has 
furnished us the means of subjecting the 
heavenly motions to sure and precise rules. 
The astronomical tables, founded only on 
the theory of gravitation, borrow now 
from observation, only such arbitrary 
quantities as cannot otherwise be known, 
and we can only hope to add to their 
perfection by giving greater precision,. 
both to our observations and our theory. 
Vhe motion of the Earth, which had 
obtained tific assent of astronomers, from. 
the simplicity with which it explained the 
celestial phenomena, has received from the 
principle of gravitation a new eonkrma- 
tion, which has carried it to the highest 
degree of evidence of which physical 
science is susceptible. We may increase. 
the probability of a theory, either by di-. 
suinishing the number of hypotheses on 
wach it-rests, or byaugmenting the num- 
ber of phenomena which itexplains. ‘he 
principle of gravity has procured these 
two advantages to the theory of the mo- 
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tion of Barth. As it isa necessary €on- 
sequence of it, it adds no new supposition 
to thistheary ; but to explaim the appa- 
rent motion of the stars, Copernicus 
admitted three distinct motions, one round 
the Sun, another round itself, and a third 
motion of its poles round those of the 
ecliptic. The principle of gravitation 
makes them all depend on one motion 
impressed on the Earth, ina direction not 
passing through the centre of gravity, In 
conséquence of this motion, it revolves 
round the Sun, and on its own axis, if at 
the same time takesa flaitened form, com- 
pressed at the poles, and the action of the 
Sunand Moon upon this figure, produces. 
a slow motion on its poles, round the poles 
of the ecliptic. Uhe discovery of this 
principle has then reduced to the least 
possible number, the supyositions on which 
Copernicus founded fis theory, It has 
besides the advantage of connecting this 
theory with all the celestial phenomena. 
Without it, the ellipticity of the planetary 
orbits, the laws which the planets aud 
nr 6 
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comets follow in their revolution round 
the Sun, their secular and periodic inequa~ 
lities, the numberless inequalities of the 
Moon, and of the satellites of Jupiter, 
the precession of the equinoxes, the nuta- 
tion of the terrestrial axis, the motions of 
the funar axis, and lastly, the ebbing and 
flowing of the sea,would only be insulated 
and unconnected phenomena. It is really 
a circumstance deserving our admiration, 
the manner 10 which alt these phenomena, 
at first sight so unconnected, flow from 
one law which connects them with the 
motion of the Earth; so that, this motion 
once admitted, we are conducted by a se- 
ries of geometrical reasoning to these phe-~ 
nomena. Sach of them furnishes, there- 
fore, a proof of its existence, and if we 
consider that there docs not exist a single 
phenomena which cannot be referred to 
the law of grayity, and that this law de- 
termines with the greatest exactness the 
positions and motions of the heavenly bo- 
dies through the whole of their course, 
there will be no reason to fear that its 
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truth will be questioned, in consequence of 
any phenomena hitherto unobserved ; and 
finally, when we see that Uranus with its 
satellites lately discovered, obe y and confirm 
the same law, it is impossible to refuse 
assent to these proofs, and not to allow 
that nothing in natura) Philosophy is more 
completely demonstrated than the motion 
of the Earth,and the principle of universal 
gravitation, in proportion to the Masses, 
and inversely as the squares of the dis- 
tances, : 

Is this principle a primordia] law of 
nature ?° Or is it a general effect of on 
unknown cause? — Hero we are stopped 
by our ignorance of the nature of the inti- 
mate properties of matter, and deprived 
of every hope of answering this question 
in a satisfactory manner. Instead of 
forming hypotheses on this subject, let us 
content ourselves with examining’ more 
particularly the manner in which this 
principle has been employed by philoso- 
phers, | 
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“They have admitted the following five 
suppesitions: , 
1. That gravitation takes place between. 
the most minute particles of bodies. _ 
2. That it is. proportional to their. 
masses, 
Ds That it isinversely as the squares of. 
the distances. oo 
4. That it is transmitted instantane=. 
me from one body to another. 7 
. And that it equally acts on. bodies j ia 

a state of repose, aud upon these which,. 
moving in ifs direction, seem in part. to. 
withdraw themselves from its activity. 
The first of these sup positions is, as we - 
have seen, a necessary result of the €QUuAH: 
lity which exists between action and re-~ 
action ; every particle of the Earth ate. 
tracting it, as the particle itself is at- 
tracted. ‘This supposition is moreover 
confirmed by the measures of the degrees. 
ofthe meridian, aud by experiments on 
pendulums ; for amidst all the irregulari- 
ties of the measured degrees, we may per-. 
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ceive the traces of regular figure, which 
is conformable tothe theory, The great 
influence the compression of Jupiter, 
has upon the nodes and peryoves of the 
orbits of its satellites, proves to us that 
the attraction of this planct is compesed 
of the attractions of all its particles, 

The proportionality of the attractive 
force to the masses, is demonstrated on 
the Barth by experiments on pendulums, 
the oscillations of which are of the same 
length of whatever substance they are 
composed, It 1s proved in the celestial 
regions, by the constant relation which 
exists between the squares of the periodic 
times of bodies, revolving about a com- 
mon focus, io the cubes of the greater. 
axis of their orbits. 

We have scen in the First Chapter with - 
what precision the almost absolute state. 
of renose of the perihelia of the planetary 
orbits, indicate that the force of. gravity 
varies according to the mverse square of 
the distance, and now that we know the 
cause of the motions of these pcribelia, 
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we may regard this law as rigorously 

exact. [tis the same with all emanations- 
which proceed from a centre, such as 

light; it seems as if all forces whose action 

is perceived at sensible distances foliow 

thislaw. It has lately been observed, that 

the attractions and repulsions of electricity. 
and magnetism decrease in proportion to : 
the squares of the distances. A remark- 

able property of this law is, that if the 
dimensions of all the bodies of the universe, - 
their mutual distances and velocities, were - 
te be augmented or diminished propor’ 
tionally, they would describe curves ‘en 
tirely similar to those described at preserit, 

and their appearanccs would be entirely! 
the same. For the forces which animate’ 
them, being the result of attractions, prés® 
portional to the masses divided by the ° 
squares ofthe distances, they would aug~’ 
ment and diminish proportionally as the 
dimensionsof this imaginary universe. — Ie: 
may be remarked at the same time that 
ihis property can only belong to the law’ 
ofnature. Thus the appearances of the’ 
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motions of the universe, are independent 
of its absolute dimensions, as they are 
likewise of the absolute motion it may 
have in space, and we can only observe 
and recognize relative phenomena. 

_Itis this law which gives te spheres. 
the. property of attracting each other 
mutually, as if their whole masses, were 
united at their respective centres. It ter- 
minates also the orbits and the figures 
of the celestial bodies, by ltnes and sur- 
faces of the second order, at least if we 
neglect their perturbations and suppose 
them fluid. 

We have no method of measuring. the 
length of time in which gravity is propa- 
gated, because the action of the Sua 
having onee attained the planets, it cont:- 
nues to act on them as if the attractive 
force was communicated instantaneously 
to the extremities of the system; we can- 
not therefore ascertain in how long a time 
itis transmitted to the Earth, no more 
than we could measure the velocity of 
light, were it not for the aberration and 
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eclipses of Jupiter’s satellites. But it um 
not the same with the smal! difference that: 
may exist in the action of gravity upon 
bodies, according to the direction and 
quantity of their velocity. Analysis has 
shewn me, that there should result an 
acceleration in the mean motions of the 
planets round the Sun, and in the mean 
motions of the satellites about their 
planets. | 

E had imagined this method of explain- 
ing the secular equation of the Moon, 
when I believed with other geometricians 
that it was inexplicable on the principle 
of universal gravitation. 1 found that if 
it arose fromthis cause, we must suppose 
in the Moon, in order to release it entiraly — 
from its gravity towards the Earth, a velo. 
city in the centre of this planet, at least 
six milliontimes greater than that of light; 
the true cause of this equation being now 
known, we are certain that the activity of 
gravity is much greater than this. This 
force therefore acts with a velocity which 
we may consider as infinite, and we may 
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of the integrant particles? To admit 
this hypothesis we must suppose much 
more space empty than full in all bodies, 
sothat the density of their particles must 
be incomparably greater than the meat 
density of their whele volume. A sphe- 
rical particle of one hundred thousandth 
of a foot in diameter, should have a den- 
sity at least ten thousand millions of times 
greater than the mean density of the Earth, 
to exert at its surface an attraction equal 
to the terrestial gravity. But the attrac- 
live forces of bodies greatly surpass this 
gravity, since they inflect light, whose 
direction is not sensibly chapged by the 
aitraction of the Earth; the density of 
these particles therefore should be to that 
of bodiesin a ratio, which the imagination 
would fear to admit, 1f their affinities de» 
pended on the law of universal gravitation. 
The ratio of the intervals, which separate 
the particles:of bodies, to their respective 
dimensions, would be of the same order, 
as relatively to stars which form a nebula, 
which in this point of view may be consi-« 
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dered as a great luminous body. There 
is no reason, however, which absolutely 
forbids us to consider all bodies in this 
manner. Many phenomena are favourable 
_to the supposition, particularly the. ex- 
treme facility with which light penetrates 
diaphonous bodies in all directions. The 
affinities would then depend on the form 
of the integrant particles, and we might 
then by the variety of these forms, explain 
all the variety of attractive forces, and re-— 
duce to one. general law all the phenomena 
of agtronomy and satural philosophy. 

But the impossibility of ascertaining 
these figures, renders this investigation 
useless to the advancement of acience. 
— Some peometricians, to account for these 
affinities, have added ta the laws of 
attraction, inversely as the squares of the 
distance, new terms which are insenstble 
at small distances, but these terms would 
be the expressions of as many different 
forces, and besides being complicated with 
the figures of the particles, they would 
only complicate the explanation of the 
phenomena. 
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Amidst these uncertainties the wisest | 
plan seems to be, to endeavour to deter- 
mine by numberless experiments the laws 
of affinities, and to effect this, the most 
simple method appears to be, by compar- 
ing these forces with the repulsive force 
/ of heat, which may itself be compared. 
with that of gravity. Some experiments 
already made with this view, afford us 
reason to hope that one day these laws 
will be perfectly known, and that then, by 
the application of analysis, the philosophy 
of terrestrial bodies may be brought-to the 
same degree of perfection, which the. dis-. 
covery of universal gravitation bas. pros. 
cured to astronomy. 
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SYSTEM OF THE WORLD.. 


BOOK V. 








Of the History of Astronomy. 


Tyre order in which I have treated the 
principal results ‘of the system of the 
world, is not that which the human intel- 
lect has followed in the investigation, 
Its progress has been embarrassed and wun- 
‘certain. Frequently mankind have not 
arrived at the true cause of these pheno- 
| mena, till all the hypotheses which imagi- 
_ nation could suggest have been exhausted 5 
© gnd the truths that have been discovered, 
have almost always been combined with 
| errors, which time and observation only 
have separated. I shall comprise in a 
: small compass, an outline of these attempts 
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and their success. We shall see that 
astronomy remained during a great many 
ages in its infancy, that it. increased and 
flourished in the school of Alexandria, 
became then stationary till the time ‘of the 
Arabs, who improved it by their observa- 
tions, and lastly that it is within the three 
last centuries, it has rapidly risen to that 
state of perfection, in which we behold it 
at the present day. 


CHAP. I. 


Of the Astronomy of the Ancients + til the Foutt- 
dation of the Alexandrine School. 


Tue view of the firmament must at all 
times have fixed the attention of man- 
kind, and moré particularly in those 
happy climates, where the serenity of the 
air invited them to observe the stars. 
Agriculture required that the seasons 
should be distinguished. and their returns 
known, It could not be long before it 
was discovered that the rising and set- 
ting of the stars, when they plunge 
themselves in the Sun’a rays, or when they 
again *isengage themselves from his light, 
might answer this purpose. Hence we 
find that among most nations, this species 
of observations may be traced back to such 
tarly times, till their origin is lost. But 
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some rude remarks on the rising and sete, 
ting of the stars, could not constitute a 
science, Astronomy did not commence till. 
observations being registered and com- 
pared, and the celestial motions examined, 
with greater care, some attempt wag. 
made. fo explain their motions and their 
laws. ae “hae 
! “The 1 motion of the Sun. in an orbit. ine 
clined to the equator ; the motion of the, - 
Moon,,.its, phases and eclipses, the knows 
ledge of the planets and their revolutionay 
and the sphericity of the Earth, weEe 
urebably the objects ef this ancient astro- 
nomy, but the few monuments that remaja - 
of it are insufficient to ascertain either, itg 
epoch or its extent. We can only judge 
of its great antiquity, by the astronomical 
periods which it has transmitted to us,. by 
some just nuolious which the Egyptians 
‘and Chaldeans seem to have had of the 
system of the world, and by the exact, te 
dation of ihe ancient measures to the, Cue 
cumference of the Earth, Such hag. 
the vielesitude of human affairs, that the 
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atts by which alone the events of past 
ages can be transmitted ina durable man- 
ner, being of moderna invention, the remem- 
brance of the first inventors in the arts and 
sciences, has been entirely effaced. Great. 
‘nations, whose names are hardly known iff 
history, have disappeared from the soil 
which they inhabited ; their annals, their 
language, and even ‘their cities have. “bee , 
. obliterated, and no remnant left of thetr 
science or their industry, but _wx confused 
tradition, and dome seattered ruins; of 
doubtful and uncertain origin. 

It appears that the practical astronemy 
of-these early: ages, was confined to the 
‘observations of eclipses, the -sising ‘and 
setting of the principal stars, with their 
occultations by the Moon and planets. 
The path of the. Sun-was: followed by 
means of- the stars which were eclipsed 
bythe twilights, and perhaps by the varm- 
ations in the meridian “shadow of ‘the 
| snomen. ‘The mation of the planets “was 
determined by the stars which they came 
nearest to, in their course, To distinguish 

“ 
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these bodies, and recognize their various” 
mutions, the heaven was divided into coti-_ 
stellations. And that zone from which tite 
Sun, Moon and planets were never seeh te 
deviate, was called thezodiac. It was divided 
ato the twelve following const¢llations. 
Aries; Faurus,.Gemini, Cancer, Leo, Virgo; 
re _pcorpio, Sagittarius, Capricornu® 

isces, These were called signs, be- 
cause they served to distinguish the seasons. 
Thus the entrance of the Sun into Aries, 1# 
the time of Hipparchus, marked the com 
mencement of the spring, after which «# 
deseribed-the other signs Taurus, Gemini,’ 
&c. but the retrograde motion of the equi’ 
noxes, changed the coincidence of the: 
seasons; nevertheless, observers accustome®: 
to mark the commencement of the spring: 
by the entrance of the Sun into. the sigs: 
of Aries, have continued to mark. this . st 
the same manner, and have distinguished 
the signs of the zodiac from the constells# 
tions, the first being ideal,and serving only 
to designate the course of the Sun in tie 
ecliptic. Now that we endeavour to refer 









oar ideas to the most simple expressions, 
we begin no longer to use the signs of the 
gediac, but mark the positions of the hea- 
venly bodies on the ecliptic, according te 
their distance fram the equinoctial pout. 
Some of the names given to the constel 
lations of the zodiac, appear to relate to 
the motion of the Sun. . Cancer, for ekrt 
ample, seems to indicate: the retrograde’, 
- tion-of this body fram the solstice, and 
the balance denotes the equality -of:- dey 
and night. And other names seem to re~- 
fer to the climate and agriculture ef those 
nations to whom the zodiac owes its. Ofte 
gin. Fhe most ancient observations that 
have been transmitted to us with sufficient. 
- detail, are three eclipses of the Moon, ob- 
served at Babylon in the years 719 and 
(20 before the Christian era. Ptolemy,’ 
who cites them in his Almagist, employs 
‘dhem in his determination of the motion of 
the Moon, It iscertain, that neither he 
nor Hipparchus could obtain any that 
were more ancient, for the exactness of 
the comparison is in proportion to the 
ax 2 
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interval which separates the extreme ob- 
servations. This consideration should di- 
minish our regret for the loss of nineteen 
‘hundred years of observations by the Chal- 
deans, and of which they boasted ‘in the 
time of Alexander, and which Aristotle 
obtained by means of Calysthenes. But 
they conld only have discovered the pe- 
-Tiod of 6585 days, by a long series of ob- 
servations. This period, called the caper, 
has the advantage of bringing back the 
Moon to nearly the same period, with re- 
Spegt to its node, its perigee, and to the 
Sun: “Thus, the eclipses observed in one 
period, afford an easy method of calcu- - 
lating these which are to happen in the 
succeeding ones, The lunar-solar period — 
of six hundred years, seems to have been 
known to the Chaldeans. These two ‘pe 
riods suppose a knowledge nearly approxt- 7 
mating to the true length of the year’: it 
as also highly probable, that they had re- : 
tarked the difference between the sidereal | 
and tropical year, and that they were ac- 
quainted with the use of the enomon ‘did 
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sun-dial. And finally, some of them were 
led from considering the spectacle of na- 
ture, to suppose that comets, like planets, 
are subject to fixed periods, which are re 
gulated by external laws. 

Astronomy i 19 not less ancient aN) Spy 
than in Chaldea. The Egyptians were 
acquainted, long before the christian era, 
with the excess of the year, of one quarter 
of a day beyond 365 days: on this know- 
ledge, they formed the sothic period. of 
1460 years, which, according , to them, 
brought back the same ‘geasons, months, 
and festivals of their years, whose length 
was 365 days. ‘The exact direction, of the 
sides of their pyramids with the four ¢ar- 
dinal points, give us a very advantageous 
idea pf their accuracy of observation, It 

4s probable, that they had also. methods 
of calculating eclipses. But that which 
reflects most honour to their astronomy, 
was the sagacious and important obser- 
vation of the motion of Mercury | and Ve- 
nus about the Sun. The reputation of 
their priests attracted to them the greatest 
m 4 


248 


philosophers of Greece ; and, accordisg 
to nll appearance, the school of Pytha- 
goras is indebted to them for the sound 
nations they professed, relative to the sys- | 
tem of the universe. 

Among these people, astronomy was 
only cultivated in their.temples, and by 
priests, who made no other use of their 
knowledge, than to consolidate the empire 
of superstition, of which they were the 
ministers. They caréfully disguised it © 
under emblems, which presented to cre- 
dulous ignorance, heroes and gods, whose 
actions: were only allegories of celestial 
phenoriiena, and of the operations of na-— 
ture; allegories which the power of imi— 
tation, one of the chief springs of the mo- 
ral world, has perpetuated to our own 
days, and been mingled with our religious ° 
institutions. The better to enslave the 
people, they profited by their natural 
desire of penetrating into futurity. and 
created astrology. Man being induced, — 
by the illusions of his senses, to consider 
himself as the centre of the uniyerse, it .. 
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was easy to persuade him, that the stars 
influenced the events of his life, and could 
prognosticate to him his future destiny. 
‘This error, dear to his self-love, and necese 
sary to his. restless curiosity, seems to have 
been co-eval with astronomy. [thas wain- 
tained itself through a very long peried, 
and it 1s only since the end of the last cen- 
tury, that our knowledge of our true re- 
lations with nature, has eaused them to 
- disappear. In Persia and in India, the 
commencement of astronomy is lost in the 
darkness which envelopes the origin of - 
these people. Inno country do they go 
back so far asin China, by an incontest-. 
able series of historical monuments. | 

The prediction of eclipses, and the te-,. 
eulation of the calendar, were always re-, 
garded as important objects, for which a 
mathematical tribunal was established; but. 
the scrupulous attachment of the Chinese, 
for their ancient customs, which, extended, 
even to their astronomical rules, Das, con- 
tributed with them, to keep thig sgiencein 
a perpetual state of infancy. a 
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The Indian tables indicate a much more 
Yefined astronomy, but every thing shews 
that itis not of an extremely remote anti- 
quity. And here, with regret, I differ 
in opinion from a learned and illustrious 
astronomer, who, after having honoured 
his career by labours useful both: to sci- 
ence and humanity, perished a victim to 
the most sanguinary tyranny, opposing the 
calmness and dignity of virtue, to the re- 
vilings of an infatuated people, who wan- 
tonly prolonged the last agonies of his 
| existence. | 

The Indian tables have two principal 
epochs, which go back, one to the year 
3102, the other to the year 1491 before 
the Christian wra. These epoclis are 
connected with the mean motions of the 
Sun, Moon, and planets, in such a man- 
ner, that one ig evidently fictitious ; the 
celebrated astronomer, above ajluded to, 
endeavours, in hie Indian astronomy, to 
prove, that the first of these epochs 1s 
founded on observation. Notwithstanding, 
all the arguments are brought forward 
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with that interest be so well knew... how 
tu bestow on subjects the most difficult, 
I am still of opinion, that this period was 
invented for the purpose of giving a com- 
mon origin to all the motions of the hea- 
venly bodies in the zodiac. In fact, com- 
puting, aecording to the Indian tables, — 
from the year 1491, to 3102, we find a 
general conjunction of the Sun and all the 
planets, as these tables suppose, but thetc 
conjunction differs too much from the 
result of our best tables, to have ever 
taken place, which shews that the epoch 
to which they refer, was not established 
on observation. But, it must be owned, 
that some elements of the Indian astro- 
nomy, seem to indicate that they have 
been determined even before this first 
epoch. Thus the equation of the centre 
of the Sun, which they fix at 2*.4179, 
could not have been of that magnitude ; 
but at the year 4300 before the Christian 
era. But, independently of the erfors 
to which the Indian observations are lia- 
bic, it may be observed, that they only 
MO 


considered the inequalities of the Sua and. 
Moon, relative to eclipses, in which the 
annual equation of the Moon is added to 
the equation of the centre of the Sun, and 
augments it about *22',which 1s very near- 
ly the difference between our determina- 
tiong, and those of the Indians. Many 
elements, such as the equations of the 
centre of Jupiter and Mara, are so dif- 
ferent in the Indian tables, from what 
they must have been at their first epoch, 
that we can conclude nothing in favour 
of their antiquity, from the other ele- 
ments. 

The whole of these tables, particularly 
the impossibility of the conjunction, at 
the epoch they suppose, prove, on the 
contrary, that they have been constructed, _ 
or at least rectified in modern times. Ne- 
vertheless, the ancient reputation of the 
Indians does not permit us to doubt, but 
that they have always cultivated astro- 
nomy, and the remarkable exactness of 
the mean motions which they have as- | 
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signed to the Sun and Moon, necessarily © 
required very ancient observations. 

The Greeks did not begin to cultivate | 
astronomy, till along time after the Egyp- 
tians, of whom they were the disciples. 

It is extremely difficult to ascertain the 
exact state of their astronomical know: 
ledge, amidst the variety of fable which 
fills the early part of their history. It | 
appears, however, that they divided the ~ 
heavens into constellations, about thirteen | 
or fourtecn centuries before the Christian . 
sera; for it is to this epoch that the sphere 
of Eudoxus should be referred. Their 
numberless schools fer philosophy, pro-_ 
duced not one single observer, before the 
foundation of the Alexandrine school. 
They treated astronomy as a science pure- 
ly speculative, often indulging in the most 
frivolous conjectures. 

It is singular, that at -the sight of 40 
many contending systems, which taught 
nothing, the simple reflection, that the 
only method of comprehending nature, is 
to interrogate her by experiment, never 
occurred to one of these philosophers, 
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‘though so many were endowed with ‘qn 
admirable genius. But we must refleot, 
that the first observation only presenting 
insulated facts, little suited to attract. 
the imagination, impatient to ascend .40 
causes, they must have succeeded each 
with extreme slowness, It requires of 
long succession of ages to accumulates & 
sufficient mumber, to discover, among. the | 
various phenomena, such relations which 
‘by extending themselves should. uaite’ 
with the interest of truth, that of suth 
gencral speculgtions as. the human under- 
standing delights to indulge in. Lath 7 

‘Nevertheless, im the philosophic dreams: 
of Greece, We trace some. sound idéss, 
which their astronomers collected in thet 
- travels, and afterwards im proved. Thaleg 
‘Dorn at Miletus, 640 years before our eta, 
went to Egypt for instruction: on. hinte» 
turn .to Greece, he founded the Tenian 
school, and there taught the sphericityaf 
dhe Earth, the obliquity of the ecliptic, 
‘and the true causes of the eclipses of fhe 
Sun and Moon; he cven went so far aq to 
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riods which had been -communieated ‘to 
him by the priests. of Egypt. . 

Thales had for his strecessors—Anaxi- 
mander, Anaximenes, and Anaxagoras; to 
the first is attributed the invention of the 
gnomon : and geographical charts, which 
the Egyptians appear to have been already 
acquainted with. 

Anaxagoras was persecuted by the Athe- 
nians for having taught these truths ofthe 
Tonian school. They reproached him with 
having destroyed the influence of the gods 
on nature, by endeavouring to reduce phe- 
nomena to immutable laws. Proscribed 
with bis children, he only owed his life to 
the protection of Pericles, his disciple and 
his friend, who succeeded 19’ procuring a 
‘mitigation of his sentence, from death to 
banishinent. Thus, truth, to establish it- 
self on earth, has almost ‘always: had. to 
combat ‘established prejudices, and has 
more than once been fatal to those who 

have discovered it. From the Jonian 
- school arose the chief of one mare ‘cele- 
brated. Pythagoras, born at Samos, about 
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590 years before Christ, was at first the 
disciple of Thales. This philosopher ade 
vised him to travel into Egypt, where he. 
consented to be initiated into the mystes 
ries of the priests, that be might obteina 
knowledge of ali their doctrines. Tha 
Brachmans having then attracted his ¢u,, 
riosity , he went to visit them, as fer Qk. 
the shores of the Ganges. On his return 
to his own country, the despotism under 
which it groaned, obliged him again t 
quit it, and he retired to Italy, where. ba 
founded his school, All the astronomical, 
truths of the Ionian-schoal, were taught, on, 
a more extended acale in that of P ythagon 
ras; but what principally distinguished uf, 
was the knowledge of the two motions of 
ihe Earth on itself, and about the Sun,, 
Pythagoras carefully concealed this from, 
the vulgar, in imitation of the Egyptian. 
priests, from whom, most probably, he den, 
rived his knowledge ; but his system wag, 
more fully explained, and more openly 
avewed by his disciple Philalaus, = 
According to the Pythagoriciana, not. 
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only the planets, but the comets themselves, 
are in motion round the Sun. These are 
not fleeting meteors formed in the atmo- | 
sphere, but the eternal works of nature. 
These opinions, $0 perfectly correct on the 
system af the universe, have been admitted 
and inculcated by Seneca, with the enthu- 
siasm which a great idea, on the subject . 
the most vast of human contemplatian, 
naturally excited in the soul of a phita- 
gopher. _ 

« Let us not wonder,” says he, ‘* that 
we are still ignorant of the law of the | 
motion of comets, whose appearance is $0 
rare, that we neither can tell the begiu- 
ning nor the end of the revolution of these 
bodies, which descend to us from an im- 
mense distance. It is not fifteen hundred 
years, since the stars have been numbered 
in Greece, and namics given to the con- 
stellations, The day will come, when, by 
the continued study of successive ages, 
things which are now hid, will appear with 
certainty, and posterity will wonder they 
have escaped our notice.”” 
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In the same school, they taught that 
the planets were inhabited, and that the 
stars were suns, disseminated in space, 
being themselves centres of planetary sys- 
tems. These philosophic views should, 
from their grandeur and justness, have ob- 
tained the suffrages of antiquity ; but hav- 
ing been taught with systematic opinions, 
such as the harmony of the heavenly 
spheres, and wanting, moreover, that proof 
which has since been obtained, by the 
agreement with observations, it is not sur- 
prising that their truth, when opposed to 
the illusions of the senses, should not have 
been admitted. 
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CHAP. IL. 


Of Astronomy, from the Foundation of the Alex- 
andrine School, to the Time of the Arabi. 


Hisnerro, the aractical astronomy “of 
different people, has only offered us some 
rude observations relative to thé seaions 
and eclipses; objects of their necessities 
or their terrors. Their theorctical astro- 
nomy consisted in the knowledge of some 
periods, founded on very long intervals of 
time, and of some fortunate conjectures, 
relative to the constitution of the uai- 
verse, but mixed with considerable error. 
We see, for the first time, in the school 
of Alexandria, a connected series of obser- 
vations ; angular distances were made 
with instruments suitable to the purpose, 
and they were calculated by trigometrical 
methods. Astronomy then took a new 
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form, which the following ages have adopt- 
ed and brought to perfection. The po- 
sitions of the fixed stars were determined, 
the paths of the planets carefully traced, 
the inequalities of the Sun and Moon were 
better known, and, finally, it was the school 
of Alexandria that gave birth to the first 
system of astronomy, that had ever com- 
prehended an entire plan of the celestial 
motions, This: system was, it must be al- 
lowed, very inferior to that of the school of 
Pythagoras, but being founded on a com~ 
parison of observations, it afforded, by this 
very comparison, the means of its own de- 
struction, and the true system of nature 
has been elevated on its ruins. - | 

After-the death of Alexander, -his prin- 
cipal generals divided his empire among 
themeclves, and Ptolemy Soter received | 
Egypt for hisshare. His munificence and 
love of the sciences, attracted to Alexan- 
dria, the capital of his kingdom, a great 
number of the most learned men of Greece. - 
Ptolemy Philadelphus, whodnuherited with 
the kipgdom :his father’s: love of the eck” 
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ences,established them there under his é6wn 
particular protection, A vast edifice, in 
which they were lodged,contained both an 
observatory, and that magnificent library 
which Demetrius Phalerus had collected 
with such trouble and expence. Here 
they were supplied with whatever books 
and instcuments were necessary to their 
pursuits; and thetr emulation was ex- 
cited by the: presence of a prince, who 
often came amongst them to participate 
in their conversation and their labours. 
Arystillus and Thimocares' were the 
first observers of this rising school ; they 
flourished abaut the year 300 before the 
Christian zra. Their observations of the 
principal stars of the zodiac, enabled Hip- 
parchus to discover the precession of the 
equinoxes, and Ptolemy, from their obser- 
vations of the planets, founded his. theory 
of those bodies. | 
The next astronomer which the ‘achdéol 
of Alexandria produced, was Aristarchus, 
of Samos, The most delicate elements of 
astronomy, were the subjects of his inves- 
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tigation. He observed the summer sol- 
stice, the year 28{ before the Christian era. 
He determined the magnitude of the ap- 
parent diametcr of the Sun, which he 
found equal to the 720th part of the whole 
circumference, which quantity is a mean. 
between the two limits, which Archimedes 
assigned, a few years afterwards, to this 
diameter, by an ingenious method, aceord- 
ing to which the solar diameter appeared 
to him greater than the 200th part of a 
right angle, and less than the 164th part. 
But that which reflects the greatest honour 
on the genius of Aristarchus, is the method 
by which he endeavoured to determine the. 
distance of the Sun from the Earth. He 
observed the angle contained between the 
Sun and the Moon, at the moment he 
judged half of the lunar disk to be illumi- 
pated by the Sun, and having found it just 
J6°,7, he concluded that the Sun was eigh- 
teen or twenty times farther from us, than 
the Moon. Notwithstanding the inaccu- 
racy of this result, it extended the bounda- 
ries of the universe much farther than had 
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been done before.. Aristarchus revived the 
opinion of the Pythagoricians, relative to. 
the motion of the Earth. But as his, 
writings have not been transmitted to us, 
we are ignorant to what extent he carried. 
this theory in his explanation of the celes- | 
tial phenomena. We only know that this. 
judicious astronomer, having reflected that 
the motion of the Earth produced no 
change inthe apparent position of thestars, 
placed them at a distance incomparably 
greater than the Sun, Thus it appears, 
that of all the ancient astronomers, Aris-. 
tarchus had formed the most just notions 
of the magnitude of the uniyerse. a 

The celebrity of his successor, — Eratos- 
thenes, is principally duc to his meagure 
of the Earth, and his observations on the. 
obliquity of the ecliptic. Havigg, at.the 
summer solstice, remarked a deep well, | 
whose whole depth, was iiluminated by the. 
Sun, at Syene, in Upper Egypt, be com-. 
pared this with the altitude of the Sun, 
observed at the same solstice at Alexandria, 
He found the celestial arc, contained be- 
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tween the zeniths of these two places, 
equal to the 50th part of the whole cir- 
—cumference, and as their distance was es- 
timated at 500 stadia, he fixed at 250 
thousand atadia, the levgth of the whole 
terrestrial circumference. The uncer- 
tainty that exists, as to the valucof this 
stadium, does not permit us to appreciate 
the exactness of this measurement. 
Aristotle, Cleomedes, Possidonius, and 
Ptolemy, have given four other evalua- 
tions of the circumference of the Earth, 
equivalent to 400, 300, 240, 180 thousand 
atatia: The sisiple-relation of these mea- 
sures to cach other, leave room to conjec- 
ture, that these different quantities are 
translations of the same measure, in dif- 
ferent stadia. ‘The Alexandrian stadium 
was 400 great cubits, of the same length 
as the nilometer of Cairo, which, accord- 
ing to Freret, has not been altered fora 
great number of centuries, and may be 
traced back to the time of Sesostris ; its 
magnitude is equal to 1.7119 feet, accord- 
ing to some measures lately made with 
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with those that had been formerty mate 7 
py others; and for the excellent method, _. 
which he pursued ‘in his researches. He. 


"o% 
re 


flourished at Alexandria about. 140 years | 
hefore our mra. Not content with whut | 
had already been done, Aye determined to — 
recommence every thing, and not to admit 
any results but those founded onanew exa- 
mination of former observations; or of HEW 
observations, more exact thian those of his 


predecessors. 


Nothing affords a stronger proof of tHe 
uncertainty of the Egy otian and Chaldean 
observations on the Sus and stars, thaththe 
necessity Ww hich compelled him to recur: 
to the observations of the Alexandrine 
‘school, to establish hits theorics of the San, 
and of the precession of the eGUINOXcs. 
He determined the feneth of the trepiéal 
year, by comparing one of his obstrya- 
tions of the summer. solstice, with one 
made by Aristarghus.of Sathos, farty- five 
years before; he found it 365, 24667 days. 
This ig inexeessabout four minutes and a. 
half, Brut he remarks himself on the li ttle 
-otianee thatean be placed on a determina - 
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tion from solstitial observations, and on the. 
advantage of employing observ ations “of 
the equinoxes. Hipparchus recognized 
‘that there elapsed 187 days from the vor- 
nal equinox, fo that of the aufumn, aud 
178 days only from this last equinox, to 
that of the apting. Vie observed, likewise, 

that these intervals were unequally divided 
by the solstices, so that $4 days and a half 
_ elapse from the vernal! equinox to the sum- 
mer solstice, and 92 days anda half from 


this solstice to the autumnal equinox. 






ow plain these differences, iiipparchus 
eee Sun ‘fo move uniformly in a, 
circular orbit; but, instead of placing 
the Karth in the centre of it, he supposed 
it removed the 24ih part of the rading, 

and fixed the apogee at the sixth degree 
of Gemini. From ‘these data he formed 
the first solartables to be found in the 
History of Astronomy. "The cquation of 
the centre, which they suppose was too 
great, itis very probable, that a “compa- 
rison with eclipses, in which this-equation 
1s Augmented by the annual _eqation of 
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error, and perhaps even led him into it, 
He was mistaken also in supposing circu. 
lar the elliptic orbit of the Sun, and that 
the real velocity of this body was con- 
stantly uniform. ‘The contrary is now de- 
inonstrated by direct measures of the Sun’s 
apparent diameter; but such observations 
were Lmpossible at the time of Hipparchus, 
whose solar tables, with all their im per- 
lections, ure’ a lasting monument of his 
genius, which Ptolemy, three centuries 
alicr, respected, but did not attempt to 
prove. 

This wreat astrotivmcr text considered 
the motions of the Moon; he measured the 
length of its revolution by comparing 
eclipses,and determined both the exeentri- 
city and inelmation of its orbit, he ascer- 
tained the motion of. its nodes and of ita 
apogee, and from the determination of its 
parallax endeavourcd to conclude. that 
of the Sun, by the breadth of the edne of 
the terrestrial shadow, Im an eclipse at the 
moment it was traversed by the Moon, 
which led him nearly to the same result 

“ NS 
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as had been obtained by Aristarchus. He. 
-madea great number of observations on 
the planets, but too much the friend of 
“truth to explain their motions by uncer- 
tain theorics, he left the task of this inves- 
tigation to his successors. A new star 
which appeared in his time induced him to 
undertake a catalogue of the fixed stars, to 
enable posterity to recognize any changes 
that might take place in the appear- 
ances of the heavens. We was sensible 
also of the importance of such a catalogue 
for the observations of the Moon and the 
planets,” The method he employed was 
that of Arystillus and Timochares, and 
which we have already explained in the 
First Book. he reward of this long and 
laborious task was the important discovery 
of the precession of the equinoxes; in 
comparing his observations with those of 
these astronomers, he discovered that the 
stars had changed’ their situation with 
respectto the equator, but had preserved | 
the same latitude with respect to the eclip- 
tic, so that to explain these different 
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changes, it is sufficient to, give a. dirget 
motion to the celestial sphere round the o 
poles of the ecliptic, which produces al 
retrograde motion of the equinoxes wi ith 7 
respect to the stars. But he angounced. 
his discovery with some reserve, being 
doubiful of the accuracy of the obser ¥a- 
tions of Arystillus aud Timochures. Geo- 
graphy is indebted to Hipparchus for the 
method of determining places on the Earth, 
by their latitude and longitude, for which 
he first employed the eclipses of the 
Moon. Spherical trigonometey,. also, 
owes its origie to Hipparchus, who ap- | 
~ plied it to the numberless calculations 
which these investigations required. His 
principal works haye not been transmitted 
tous; they perished in the con larration 
of the Alexandrine library, and we are 
only acquainted with them through the 
Almagest of Ptolemy. 

-'Theinterval of nearthree centuries, which 
separated these two. astronomers, produced 
some observers, as Agrippa, Menelaus, and 


Theon.” We may also notice. in this inter- 
n 4 
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-yalthe reformation of the calendar by 
fulius.Cesar, andthe precise knowledge 
cof the ebbing and flowing of the sea. 
-Possidonius observed the,.Jaw of this phe- 
pomenon, which appertains to astronomy 
by its evident relation to the motion of 
the.Sun and Moon, and of which Pliny | 
the naturalist has given a description re- 
markable for tts exactness. | 
Ptolemy, born at Ptolemais in Egypt, 
flourished at Alexandria, about the year 
130 of our era. Hipparchus had conceived 
the project of reforming astronomy, and 
establishing the science on new founda- 
tions. Ptolemy continued this labour, 
too vast to be accomplished by a single 
| individual, and has given a complete trea- 
tise on this acience in his ‘great work en- 
titled the Almagest. oes 
[iis most impertant discovery 1s the 
evection ofthe Moon. <Astrgppmers pre- 
viously bad only considered. the motion of 
this body relative to eclipses ; by follow- 
ing it through its whole course, . Piolemy 
recognized, that the equation of the:tentre 
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of the lunar orbit, was less in the’ eyetbaies 
than in the quadratures ; 3; he determiffed 
the law of this difference, and ascertained” 
its value with great precisien. ‘To repre- 
sent it, he made the Moon to move.. upon 
‘an epicycle carried by an excentric,aceotd-— 
ing to a method attributed to Anpoltoniis 
the geometrician, and which had before 
been employed by Hipparchus. 

It wasa reneral Opinion of the anciénts; 
that the uniform circular motion being’ the 
most simple and natutal, was ‘hecbushily - 

that of the heavanly bodies! 'Bhiscertér 
, maintained its ground till ‘thé time’ ef 
Kepler, and for a long time impeded: ‘him 

in his researches. Ptolemy adopted. it, 

and, placing the Earth oft the centre ofthe 

celestial motions, he endeavoured to re-_ 
present their inequalities in this - false 
hypothesis. Eudoxus ‘had previously 
imagined for this object, every planet. at- 
tached to several concentric spheres; é1- 
dowed with different. motions; but this 
astronomer not having explained: in ‘what 
manner these spheres, by their action on 

NO 


o74 
the Pome ‘Produce the variety of their 


notice, ina treatise on astronomy. A much 
*more ngemous hy pothesja;¢onsists i In MOoVv~' 
‘ing along one circumference, of which 
the Earth occupies the centre, that of ano-- 
thercircumference, on which moves that of 
athird;‘and so on, up to the last circum- 
ference, on which the body is supposed to 
move uniformly. If the radius of one of 
these ‘circles surpasses the sium of the 
others, the apparent motion of the body 
round the: Earth, will be composed of a. 
mean usm motion, and of several ine- . 
qualities We pending on the proportions of 
_ these several radii to each other, and the 
. motions of their “centres, and of that of 
| the ‘Star. - By increasing their number, 
and giving them suitable dimensions, we 
may represent the inequalities of this ap- 
parent motion. Such is the rifbet general 
manner of considering the hypothesis of 
cycles and excentrics, which Ptolemy 
adopted in his theories of the Sun, Moor; 
-and- planets. He supposed these B8Gies 
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in motion round the Earth in this order 
of distances—the Moon, Mercury, Venus, 
the Sun, Mars, Jupiter, Saturn; astros.— 
nomers were diyided in their opinions as - 
to the position of Mercury and Venus ; 
Ptolemy followed the most, ancient opi- 
nion, and placed them helow the Sun; 
others placed them above, and finally, the 
Egyptians made them move round it. It 
is singular, that Ptolemy does not mention 
this hypothesis, which is equivalent to 
pineimeghe Sun in.the centre of the ept+ — 
cyeteees these two planets, .instead of mak- — 
ing them revolve round an imagfhary ceu- 
tve. But, being persuaded thatghis system 
could only be adapted to the three supe- 
rior planets, he transferred it to the two 
inferior, and was misled by a false appli- 
cation of the principle of the uniformity 
of the laws of uature,. which, if he had © 
set out from the discovery of the Egyp- 
tians, on the motions of ercury. and 
Venus, would have Jed him to the. true 
sysiem of the world. But even, if epi- 
eycles could be made to represent the inc- 
NO} 
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an object so very complicated, docs oT eae 
honour to the sagacity of its author. ~ 

Ptolemy confirmed the motion of the 
equinoxes, discovered by Hlipparchus, by 
comparing his observations with those of 
this great astronomer. He established the 
respective immobility of the Stars, their - 
‘nyariable latitude to the ecliptic, and 
their motion in longitude, which he found 
* 1}4" in every year, as Hipparchus had 
suspected, | 

We now know, thatthis motion ig very 7 
nearly + 154-annually, which, considering 
the interval between the observations of 
Ptolemy and Hipparchus, implies an error | 
of more than one degree in their observa- | 
tions. Notwithstanding the difficulty | 
which attended the determination of the 
longitude, of ithe Stars, when observers 
had no exact measure of time, We are sur- 
prised thafso great an crror should have 
been committed, particularly when we ob-~ 
serye the agreement of the observations — 
with each other, which Ptolemy cites as 
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‘a proof of the accuracy of his result. He. 
has been reproached with having altered 
them, but this. reproach is not founded ; 
his error, in the determination of the mo-. 
tion of the equinoxes, seems to have been 
derived from too great confidence in the 
_ result of Hipparchus, relative to the length 
of the tropical year and the motion of the. 
Sun. In fact, Ptolemy determined the 
longitudes of the stars, by comparing 
them cither with the Snn, or with the 
Moon, which was equivalent to a com- 
parison with the Sun, since the synodical 
revolutiqn: -of the Moon was well known. 
by the means of celipses. Now, Hippar- 
chus having supposed the year too long, 
and consequently the motion of the Sun 
in longitude too slow, it is clear that this 
error diminished the longitudes of the Sun 
and Muon, eaploved by Ptolemy. The 
motion in longitude, which he’ attributed 
to the Stars, is too small by the are de- 
___ seribed by the Sun in the time, equal to: 
“the error of Liipparchus in the length of 





the year. " | 
In the time of Hipparebus, the tropical 
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year was 365.24234: this great astronomer. 
supposed it 365,24667 ; the difference is 
433”, and during this interval the Sun: 
describes an are:of 47" ; this, added to the 
annual precession of 111”, determined by 
' Ptolemy, ‘gives 158 for the precession, 
which he would have found, if he had 
computed from the length of the true tro- 
pical year, the error would then have been 
only 4". -.< 
‘This remark has led to the examination 
of another question, It had been gene- 
rally believed, that the catalogueef Pto- 
Jemy, was that of Hipparchus, reduced 
to his time by means of the annual pre- 
cession of L111", This opinion is founded. 
on this circumstance, that the constant er--- 
ror in longitude’ of his Stars, disappear 
when reduced to.the time of Hipparchus, 
But the explanation which we have given 
of the cause of this error, jastifics Pto- 
~ Jemy from the reproach which has been ime. 
: pited to him, of having taken the merit of 
Hipparchusto himself; andit seems right 
to believe lhiim, when he asserts that he 
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has observed all the Stars of his own ca- 
talogue, even to the Stars of the sixth 
magnitude. He adds, at the same time, 
that he found very nearlysthe samc posi- 
tions of the Stars, relatively to the eclip- 
tic, as’Hipparchus, so that the difference | 
between these two catalogues must have 
been very small. Thus, the observations 
of Ptolemy on the stars, and the true va- | 
lue which he has assigned fo the evection, | 
are proofs of his exactness as an observer: — 
It is true, that the three equinoxes which © 
he ‘has observed, are inaécurate ; but -it 
appemtestiet, too. much prepossessed it 
favoiiy of the exactness of the solar tables 
of Hipparchus, he made his observations 
of the equinoxes, at that ‘time very dif- 
feult, coincide with them; as the derange- 
ment of his armillary might have been suf- 
ficient to explain the errors. 7 
The astronomical edifice, raiged by Pto= | 
lemy, subsisted near fourteen centuries, 
. and now that it is entirely destroyed, his 
~ ‘Almagest, considered as a depositary ef . 
ancient observations, is one of the smoat 
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precious monuments of antiquity. Pto- 
lemy has not rendered less service to geo- 
graphy, in collecting all the knowy longi- 
tudes and latitudes of different places, 
and laying the foundation of the method 
of projections, for the construction of 
geographical charts. He composed a great 
treatise on optics, which has not been pre- 
served, in which he explained the astro- 
nomical refractious: he likewise wrote 
treatises on the several sciences of chrono- 


jogy, music, gnomonics, and mechanics. 


So many labours, and on such a varicty 


of subjects, manifest a very superior ge- 
 nius, and will ‘ever obtain him a distin- 


euished rank in the history of science. 
On the revival of astronomy, when his 
system gave way to that of nature, man- 
kind avenged themselves on him for. the 
despotism it had so long maintained ; and 
they accused Ptolemy of having appro- 
priated to himself the discoveries of his 
predecessors; but in his time, the works 


‘of Hipparchus, and of the astronomers of 


Alexandria, must have been sufficiently 
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known, to have rendered excusable, his 
not distinguishing what belonged to them - 
from his own discoveries. _ As to the long 
continuation of his errors, 1 must be at- 
tributed to the same causes which replung- 
ed Europe into darkness. The fame of 
Ptolemy has met with the same fate as that 
of Aristotle and Descartes. ‘Their errors 
were no sooner recognized, than a blind 
adimiraiion gave way to an unjust con- 
tempt, for even in science itself, the most 
useful revolutions are not always exempt 
from passion and prejudice, 
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CHAP. IIT. 


Of the Astronomy of the Arabs, Chinese and 


Persians. 


rl 


The progress of astronomy in the school 
of Alexandria terminated with thé‘labours 
of Ptolemy. This school continued to 
exist for five centuries, but the successors 
of Ptolemy and Hipparchus contented 
themselves with conmmenting on theic. 


works without adding to their discoveries. 


With the exception of two eclipses, re- 
corded by Theon, and some observations of 
Theon of Athens, the phenomena of the 
heavens continued unobserved during a 


period of more than six hundred years. 


Rome, once the seat of valour, glory, and 
learning, did nothing useful to science. 
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The consideration that was always attach~ 
ed by the republic to eloquence and mi- 
litary talerts, seduced the imagmation to 
those pursuits: and sclencc, olfering no 
advantage, was necessarily neglected in 
the midst of conquests undertaken by am- 
bition, aud of internal commotions im 
which liberty expired and yielded to the 
despotism of the emperors. The division 
of Lhe empire, the necessary consequence 
of its vast exteut, brought on its fall, and 
the jight of se1ence, extinguished by the 
barbarians, was ouly again revived among 
the Arabians. | 


. rome, . 


This people, exalted by fanaticism, after 
having extended its rcligion and its arms 
over a great part of the Earth, had no 
sooner reposed in peace, than it devoted 
itself to letters and science. | 

Tt, however, was but a short time 
before that they destroyed their most 
beautiful ornament, by burning the famous 
library of Alexandria. —_ 

In vain the philosopher Philoponus ex- 
erted himself for its preservation. | If 
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these books, replied Omar, are conform- 
able to the alcoran, they are useless ; if 
they are contrary fo if, they are detestable. 
‘Thus perished ‘this immense treasure of 
erudition and genius. Repentance and | 
regret soon followed this barbarous exe~ 
cution, for the Arabians were not long 
before they perceived their irreparable 
Joss, and that they had deprived themselves 
of the most precious fruits of their con- 
quests. | 

About the middle of the eighth century, 
the caliph Almansor gave eféatencourage- 
ment fo astronomy, but among the Ara- 
bian princes wha distinguished themselves 
fay their love of the sciences, the most ce- 
lebrated um iustory was Almamoun, of the’ 
family of ihc Abassides and son of the fa~ 
mous Aaron Rashid, so celebrated throagh- 
cut Asia. Almamoun reigned in Bagdat 
i Sid, having conquered the Greek em- 
peror Michael IiE., he imposed on him, 
<x one condition of peace, that he should 
huve delivered to him the best books of 
Greece the Almagest was among the 
aumber, he caused i to be translated into 
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the Arabian language, and thus diffused 
the astronomical knowledge which had 
formerly caused the celebrity. of the Alex- 
andrine school. Not content with encou- 
raging learned men by his liberality, he 
was himself an observer, and determined 
the obliquity of the ecliptic; he likewise 
caused a degree of the meridian to be mea- 
sured on the vasi plain of Mesopotamia. 
The encouragement given to astronomy 
by this prince and his successors, produced 
a great number of astronomers, among 
whom Albategnius deserves to be placed 
the first; “We are‘indebted to him for an 
observation of the obliquity of the ecliptic 
which corrected for refraction and paral- 
lax: gives * 26°2182 for this obliquity of 


the ecliptic. -»All the Arabtan observations | 


give nearly. the same result, from whee? 


we deduce the secular variation about — 


+499." 


Albategnius found the annual motiod - 
of the equinoxes equal to t 138."3, and the | 


length of the tropical year equal to - 


365.24056. The first of these elements is 
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* 93° 35! 46/, + 51".5, + 519. 
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too great by 14”, the second is too small 
by more than a minute and a half, but 
these errors depend entirely on the obser- 
vations of Ptolemy which Albatégnius 
compared with his own; he would have 
come nearer the truth had he used only 
those of Hipparchus. 

‘This great astronomer improved greatly 
ihe theory ofthe Sun. - He reduced the ex- 
eentricity of the salar ellipse to 0.017325, 
the radius of the orbit being taken as 
unity. At the commencement of 1750 
it was O.OL6SI4. Its dimtaution tn an in- 
terval of 870 years was therefore 0.00311. 
The theory of gravity, adopting the most — 
probable value of the masses of the planets 
msives OQOG957. "Phis difference is within 
the limits of the errors to which the obser- 
vations of Albategnius weredipbles | 

These same observations conducted him 
likewise to the discovery of the proper 
motion of the Sun’s apogee, he observed 
iis place ta be * 24°.76 in Gemini, which 
was more advanced since the time of Hip- 
_ parcins thaa it should haye been from 
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_ the motion. of the equinoxes only. Accotds 
ing to our best tables the place of. the: 
apogee ia 880 was * 26.23, the observation 
of Albateznius was therefore only defective. 
by + one degree and a half, which war 
very pregise determination for that. age, 
eonsidering the delicacy required to ascetr. 
tain. this element. These results are nes: 
only very valuable for their exactness, 
but particularly aw they confiem the dims 
nution of the exceutricity of the solar say: 
bit, demonstrated by. the theory of: ga i 
vitatida and by the secular equation of: | “ 
Mears. they: dikewise induce ys to lee 
great confidence im his determination, of 
the obliquity of the celiptic, which he 
relates to have been made with great care; 
by means oftagadins of great length, aad 
by taking all the oréeauitions mentioned i in 
the Almagest. re 
The most interesting part of the astroné: 






my of the Arabs which have Leen preserved 
are these labours of Albategnius, in his. 
work on the science of the stars, and two 
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eclipses of the Sun and one of the Moowm 


observed by Tbna Junis, near Cairo, in O77, | 
975, and 979, which confirm the mean ac- 
celeration of the Moon. The Arabian 
astronomers chiefly occupied themselves in 
practical observations; they did not inves- 


tigate the causes of the celestial pheno- 


mena, but retained without alteration the 


system of Ptolemy 
The Persians, after having for a long 
time submitted to the same sovereigns as 


the Arabians, and professing the same re- 


ligion, about the middle of the eleventh 
century, shook aif the yoke of the Caliphs. 
About this time their calendar received a 
new form, by the care of the astronomer 
mar Cheyam ; tt was founded on an in- 
oe TOUS ‘tercatation, which consists in 
making? in every thirty-three years six of 
them sexitle. | 

Holagu Llecuukan, one of them sove- 
reyseus, constructed a magnificent obser- 


-yatory, and entrusted the superintendance 


fit to Nassit Eddin, But no prince of this 


os .. aT 


nation distinguished himself more for his 
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zeal than Ulege Beigh, whom we should 
place in the first rank of observers. He 
formed himself a catalogue of stars af 
Sarmacand, the capital of his dominions, 
and likewise the best tables of the Sun 
and planets which existed before the time 
of Tycho Brahe. He fixed the precession 
of the equinoxes at 159”, and determined 
the obliquity of the ecliptic with istru- 
ments of very elaborate construction, he 
found it equal to 261475. 

A century and a half previous to this, 
the Chinese astronomy affords us several. 
observations of the Sun, made with great 
eare with a very high gaomon, by Cocheon 
King, a celebrated astronomer ; from these 
Lacuille concluded the length of the year 
the same as we now adopt, and the obli- 
quity of the ecliptic 26.1519, 1278, the 
epoch of these observations ; from this re- 
sults asccular variation of 153, It is on 
these observations, und those of Albateg- 
nius, that L have founded my determina- 
tion at IS£.5, 

The Chinese astronomy likewise men- 


291 


tions the occultation of several fixed stare: 
by planets and a great many eclipses of the 
SunandMoon. There no doubt exist in our 
libraries, manuscriptsand other observations 
which would throw great light on the 
secular equations of the heavenly bodies, 
and on the masses of the planets, one of the 
principal things that remain unsettled i In 
modern astronomy, Re 

The investigation of these observations 
merit the attention ef the learned in-the 
oriental languages, for-the great variations 
in the system of the world are not less in= 
teresting to be acquainted with, than the 
revolutions of empires. ~ 
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CHAP. IV. 


Of Astronomy in modern Europe. 


IT is to the Arabians that modern Europe 
is indebted for the first rays of light 
that dissipated the darkness in which it 
was enyeloped during twelve centuries. 
They have transmitted to us the treasure 
of knowledge which they received from 
the Greeks who were themselves disciples 
of the Egyptians ; but by a deplorable 
fatality the arts and sciences have disap- 
peared among all these nations, as soon as 
they had communicated them. 

Jespotism has for a long period extend- 
ed its barbarism over those beautiful 
countries where scieuce first had its origin, 
and those names which formerly. rendered 
them cclebraicd, are new unknown in 
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Alphonso, king of Castille, was one of 
the first sovereigns who encouraged the 
revival of astronomy in Europe. This 
science can reckon but few such zealous 
protectors ; but he was ill seconded by 
the astronomers whom he had assembled 
at a considerable expence, and the tables 
which they published did not answer to 
the great cost they had occasioned. 

Endowed with a correct judgment, Al- 
phonso was shocked at the confusion of the 
circles, in which the celestial bodies were 
supposed to move; he felt that the expedi- 
ents employed by nature ought to be more 
simple. “If the Deity,” said he, “ had 
asked my advice, these things would have 
becu better arranged.” By these words, 
which are taxed with impiety, he meant to 
express that mankind were still far from 
knowing the true mechanism of the umt- 
verse. 

In the time of Alphonso, Europe was 
indebted to the encouragement of Frederic 
IL. Emperor of Germany, for the first 
Latin translation of the Almagest of Pto- 
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femy, which was made from the Arabic 
version. — 

We are now arrived at that celebrated 
epoch when astronomy, escaping from the 
narrow sphere which had hitherto confined 
it, raised itself by a rapid and continued 
progress to the height where we now be- 
hold it. Purbech, Regiomontanus, and 
Waltherus prepared the way to these pros- 
perous days of the science, and Copernicus 
gave them birth by the fortunate explana- 
tion of the celestial phenomena, by means 
‘of the motion of the Earth on its axis, and 
round the Sun. 

Shocked, like Alphonso, at the extreme 
complication of the system of Ptoleny, he 
tried to find among the ancient philoso- 
phers a more simple arrangement of the 
universe. He found that many of them 
had supposed Venus and Mercury to move 
round the Sun: that Nicctas, according to 
Cicero, made the Earth revolve on its axts, 
and by this means freed the celestial sphere 
from that inconceivable velocity “ which 
must be attributed to it to accomplish its 
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diurnal revolution. He learnt from Aris- 
totle and Plutarch that the Pythagori- 
cians had made the Earth and. planets 
move round the Sun, which they placed 
‘athe centre of the universe. These lu- 
minous ideas struck him ; he applied them 
to the astronomical observations which 
time had multiplied, and had the satis- 
faction to see them yield, without diffi- 
culty, to the theory of ihe motion of the 
Earth. .The diurnal revolution of the 
heavens was only a illusion due to the 
rotation of the Earth, and the precession 
of the equinoxes, is reduced to 4 slight 
motion of the terrestrial axis, The clr 
cles, imagined by Ptolemy, to explain the 
alternate direct and retrograde motions of 
the planets, ditappeared. Copernicus only 
saw in these singular phenomena, the ap- 
pearances produced by the motion of the 
Earth round the Sun, with that of the 
planets: and he concluded, from hence, 
the respective dimensions of their orbits, 
which, till then, were unknown. Finally, 


every thing in this system announced that 
_ 4 
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beautiful simplicity in the ex pedients of na- 
ture, which delights so much when we are 
fortunate enough to discover it. Copernicus 
published it in his work, On the Celestial 
Revolutions ; not to shock received pre- 
judices, he presented it under the form of 
an hypothesis. re Astronomers,” said he, 
in his dedication to Paul IfI., being per- 
mitted to imagine circles, to explain the 
~ motion of the stars, I thought myself 
equally entitled to examine if the suppo- 
sition of the motion of the Earth, would 
sender the theory of these appearances 
more exéct end simple.” 

This great man did not witnesa the euc- 
cess of his work. He died suddenly by the 
mn rpture of .a blood. vessel, at the age of 
“pever yome:yeara, adtew deys after receiv- 
| ing the first proof. He was born et Thorn, 
in Polish Prussia, the 19th of February, 
1473. After learning the Greek and Latin 
_ languages, he went to continue his stu- 
dies at Crgcovia. Afterwards, induced by 
his taste for astronomy, and by the repu- 
tation which Regiomontanus had acquired, 
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he undertook a journey to Ttaly, where 
this science was taught with snuecess : being 
greatly desirous to render himself illus- 
trious by the same career, he followed 
the lessons of Dominic Maria, at Bologna. 
When arrived at Rome, his talents. ob- 
tained him the place of professor: he af- 
terwards quitted this city, to establish | 
himself at Fravenberg, where his. wacle, 
then Bishop of Warmia, made him A Cas 
non. It was in this tranquil abode, that 
by thirty-six years of observation and me- 
ditation, he established his theory of the 
motion of the Earth. At his death, he 
was buried in the..cathedral of Fraven- . 
berg, without any pomp or epitaph ; bet 
his memory will exist as long as the great 
truths which he has again introduced dwt 
such evidence, asto have at Kagtidinsy : 
the illusions of the sénses; ants surmounted . 
the difficulties which ignorance of the.laws 
of mechanics had opposed to them. 

These truths had yet to vanquish ob- 
stacles of another kind, and which, arising 
from a respected source, would have sti- 

o 9 | 
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fled them if the rapid progress of all the 
mathematical sciences had not concurred 
to support them. 

Religion was invoked to destroy an as- 
tronomical system, and one of. its defend- 
ers, whose discoveries did honor to his age 
and country, was tormented by repeated 
prosecutions. Bethicus, the disciple of 
Copernicus, was the first who adopted his 
ideas; but they were not in great estima- 
tion till towards the beginning of the se- 
venteenth century, and then they owed it 
principally, tothe labours and misfortunes 
of Galileo... i | 

A fortunate accident had made known 
the most wonderful instrument ever dis- 
’ covered by human imgenuity, and which, 
7 by giving te astronomical observations a 
’ precision and extent hitherto unhoped for, 
displayed in the heavens new inequalities, 
and new worlds. Galileo hardly knew of 
the first trials of the telescope, before he 
bent his mind to bring it to perfection. 
Directing it towards the Stars, he (lisco~ 
, vered the four satellites of Jupiter, which 
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shewed anew analogy between the Earth 
and planets; he afterwards observed the 
phases of Venus, and from that moment: 
he no longer doubted of its motion round 
the Sun. The milky way displayed to him 
an infinite number of small stars, which 
the irradiation confounds to the naked eye, 
in a white and continued light ; the lumi- 
nous points which he perceived beyond the 
line which separated the light part of the 
Moon from the dark, made him acquaint-— 
ed with the existence and height of tts 
mountains. At. length he observed the - 
annearances occasioned by Saturn’s ring, 
the spots and rotation of the Sun, In 
publishing these discoveries, he shewed 
that they proved incontestibly, the motion 

of the Earth; but the idea of this motion 
was declared heretical by a congregation 
of cardinals; and Galileo, its yRost ce 
lebrated defender, was cited to the tribe © * 
nal of the inquisition, and compelled to 
retract this theory, to escape a rigorous 
prison. 

One of the strongest passions is the love 
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of truth, ia a man of genius, Full of the eu- 
thusiasm which a great discovery inspires, 
he burns with ardour to disseminate 1t, 
and the obstacles which ignorance and su- 
perstition, armed with power, oppose to it; 
only irritate and increase his energy. Ga- 
lilee, convinced by his own observations 
of the motion of the Earth, had long me- 
ditated a new work, in which he proposed 
to develope the proofs of it. But to shel- 


ter himself from the persecution of which 
he had escaped being the victim, he pro- 
. posed to present them, under the form of 


dialogues hetween three interlocutors, one 
of whom defended the system of Coperni- 
cus, combated by a Peripatetician. It 
is obvious, that the advantage would rest 
with the defender. of this system ; but, as 
Galileo did not decide between them, and 
gave ag much weight as possible to the 
objections of the partisans of Ptolemy, he 
had a right to expect that tranquillity 
which his age and labours merited. 

The success of these dialogucs, and the 
triumphant manner with which all the 
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difficulties against the motion of the Barth 
were resolved, roused the inquisition, Ga- 
lileo, at the age of seventy, was again cited 
before this tribunal. The -protection of 
the grand Duke of Tuscany, could: not 
prevent his appearance. He was confined 
in a prison, where they required of him a 
second disavowal of his sentiments, threat- 
culng him with the punishment -incurred 
by contumacy, if he continued to teach the 
system of Copernicus. . 
He was compelled to sien this formula 
of abjuration : | 
CL Galileo, in ine seventieth year of my 
“age, braught personally to justice,. being” 
on my knees, and having before my eyes 
the holy coancelists, which I touch with 
“ my own kands, with a sincere heart and— 
“ faith; I abjure, curse, and detest, the 
absurdity, error, and hefese yy, of the mo-. 
© tion of the Earth,” &c. ! 
What a spectacle! A venerable old 
man, rendered illustrious by a tong: life, 
consecrated to the study of nature, abjur- 
ing on his knees, against the testimony of 
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his own conseience, the truth which he 
had so evidently proved. A decree of 
the inquisition, condemned him to a per- 
petual prison. He was released after a 
year, at the solicitations of the grand 
duke ; but, to prevent his withdrawing 
himsclf from the power of the inquisition, 
he was forbidden to leave the territory of | 
Florence. : 

Born at Pisa, in 1564, he gave early 
indications of those talents which were af-_ 
terwards developed, Mechanies owe to 
him many: discoveries, of which the most 
impertant is the, theory of falling bodies. 

Galilea was occupied with the libration — 
of the Moon, when he lost his sight; he . 
died. three years afterwards, at Arcetre, in 
1642,.regcretted: by all Kurope, which he 
left enlightened by his labours, and indig- 
nant at the judgment passed against so 
reat a man, by an adious tribunal. 

While this passed in Italy, Kepler, in - 
Germany, developed the laws of the pla- 
netary motions. But, previous to the ac- 
count of his discoveries, it is: necessary to 
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look back and to describe the: progress of. 
astronomy in the north of Europe, after: 
the death of Copernicus. = 
The history of this: seience presents at- 
this epoch, a great number of excellent - 
cheervers. One of.the most illustricts, - 
was William TV. Landgrave of Hesse-Cas- 
scl. He had an observatory built at Case 
sel, which he furnished with instruments, 
constructed with care, :and -with which. 
he observed a longtime. He procured 
two celebrated astronomers, Rethnanands: 
Juste Byrye; and. Tyeho -owedy.to his - 
pressing solicitations, the: advantages: 
which Frederic, King: 0b Denmark; ‘6b. 
tained for him, ae 
Tycho Brahe, who wasone of the greats / 
est observers that ever existed, was born: 
at Knucksturp, in Norwaye , Bis: Agee for 
astronomy was manifested Wt: the * ‘age of 
fourteen years, on. the occasion of apm 
eclipse of the Sun, which bappened in 
1560. At this age, when reflection is sgn: 
rare, the justice of the calculation which 
announced this phenomenon, inspired him + 
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with an anxious desire to know its princi- 


ples; and this desire was still further in- 


creased by the opposition of his preceptor 
and family. He travelled to Germany, 
where he formed connections of corres- 
pondence and friendship, with the most 
distinguished persons, who pursued astro- 


nomy either as a profession, or amusement, 
and particularly with the Landgrave of 


Hesse-Cassel, who received him in the 


most flattering manner. 


On his return to his own country, he 
was fixed there by his sovereign, Frederic, 


‘Who gave him dhe-jittle island of Huena | 


at the entrance of the Baltic. Tycho built 
a celebrated observatory there, which was 
ealled Uranibourg. There, during an 


-abede of twenty-one years, he made a pro- 


digious mass of observations, and many ; 
Important discoveries. At the death of | 
Frederic, envy, then unrestrained, com- 
pelled Tycho to leave his retreat. His 


:return to Copenhagen did not appease the 


rage of his prosecutors ; the minister, Wal- 
chendorp, (whose name, like that ofall men 
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who have abused the power entrusted: to 
them, ought to be handed down to the exe. 
cration of all ages,) forbad him to continue | 
his observations. Fortunately,.'Tycho | 
found a powerful protector in the Empe- 
ror Rodolph II. who settled on him. a 
considerable pension, and lodged him com- | 
inodiously at Prague. He died suddenly 
at this city, on the 24th of October; 3601, 
in the midst of his labours, and at an age 
when astronomy might have expect great 
services from him. 

The invention of new instruments, and 
pew improvements, added tothe old ones a 
- much greater precision in observation; a 
eatalogue of stars very superior to those of . 
Hipparchus, and Ulugh Beigh; the dis- 
covery of that inequality of the Moon, 
which is called variation ¢ tHS€ of the ine- 
qualities of the motion of the nodes, and 
of the inclination of the lunar orbit: the 
anteresting remark, that comets are'beyond 
this orbit; a more perfect knowledge of. 
astronomical refractions ; finally, very nu- 
merous observations of the planets, which 
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have served as the basis of the discoveries 
of Kepler. Such are the principal ser 
vices which Tycho Brahe has rendered 
astronomy. Struck with the objections 
which the adversaries of Copernicus made 
to the motion of the Earth, and perhaps 
influenced by the vanity of wishing to give 
his name to an astronomical system, he 
mistook that of nature. According to 
him, the Earth is immovable in the cen- 
tre of the universe ; all the Stars move 
eyery day round the axis of the world ; 
and the Sun; in its annual revolution, car- 
ries with it:the planets. In this system, 
already known, the appearances are the 
same agin that of the motion of the Earth. 
We may, in general, consider any point 
we chuse; for:example, the centre of the 
Moon as immovable, provided we assign 
the motion with which it is animated, in 
a contrary direction to aJl the stars. 

But, is it not physically absurd to sup- 
pose the Earth immovable in space, while 
theSun carries with it the planets im which 
it is-included? How could the distance 
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from the Earth to the Sun, which agrees 
so well with the duration of its revolution 
in the hypothesis of the motion of the 
Earth, leave any doubt of the truth of 
this hypothesis, in a mind constituted to 
feel the foree of analogy. [¢ must be con- 
fessed, that Tycho, though a great ob- 
server, was not fortunate in his research 
after causes: his unphilosophicad.. mind 
had even imbibed the prejudices of astro- 
lory, whieh hetried to defend. | 

It would be, however, unjust to judge 
him with the same rigor as:ene who 
should refuse at present to believe the mo- 
ticn of the Earth, confirmed. by. the . nu- 
merous discoveries made in astronomy since 
that period. 

The difficulties which the illusions of 
the senses opposed to this theory, were not 
then completely removed. -The apparent 
diameter of the fixed stars, greater than 
their annual parallax, gave to these stars 
in this theory, a real diameter, greater than 
that of the terrestrial orbit. The tele- 
scope, by reducing. them to luminous 
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points, made this improbable magnitude 
disappear. It could not be concetved how 
these bodies, detachéd from the Earth,” 
could follow its motion, The laws of 
mechanics have explained these appear- 
ances ; they have proved, what Tycho had 
again made doubtful, that a body, falling 
from a considerable height, and abandoned 
to the action of gravity alone, ought to 
fali very nearly in a vertical line, only de- 
viating to the east, by a quantity difficult 
to estimate accurately by observation from 
its minuteness, so that at present there is 
asmiuch' difficulty in proving the motion 
of the Earth by a direct experiment, as 
formerly existed to prove that it should be 
insensible, ~— 

in his later years, Tycho Brahe had 
Kepler for a disciple and assistant. He 
was bora in 1O71, at Viel, in the duchy 
of Wirtemberg, and was ene of those 
extraordinary men whom nature grants 


‘gow and then to the sciences, to bring to 


light those great theories which have been 


prepared by the lahour of many centuries. 
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The career of the sciences did not aps 
pear to him proper to satisfy the ambition 
he felt of rendering bimself illustrious §. 
‘but the ascendancy of his genius, and the 
exhortations of Maestlinus, led him to 
astronomy . and he entered into the pur- 
suit with all the activity of a mind pas- 
sionately desirous of glory. | 

The philosopher, endowed with a jayely 
imagination, and im patient to know the 
causes of the phenomena which he. sees, 
often obtains a glimpse of it, before. obs 
sorvation can conduct him to it... Daubt- | 
less he might, with greater certainty, as- 
certain the cause from the, phenomena ; 
but the history of science proves ta. Us; 
that this slow progress has not always been 
that of inventors. 

What rovks has he to fear, who, takes 
his imagination for: his puide | | 

Preposscssed with the cause which -1 
presents to him, instead of rejecting. i 
when contradicted by facts, he alters 
them to make them agree with _n 
hypotheses ; lie mutilates, if 3 mayb 
allowed the expression, the work of nature 
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to make if.resemble that. of his imagina- 
tion, without reflecting that time destroys 
with one hand these vain - phantoms, and 
with the other confirms the results of cal- 
culation aud experience. 

The philosopher who is really useful 
to the cause of science, is he, who, uniting 
to a fertile imagination, .a rigid: severity in 
Anyestigation and observation, is atoncetor- 
mented by the desire of ascertaining the 
cause ofthe phenomena, and by the fear of 
deceivmg himself inthat which -he-assigns. 

Kepler owed the first of these advan- 
tages to nature,vand the second to Tycho | 
Brahe. This great‘ observer, whom he 
went to see at Prague, and who had dis- 
covered the genius of Kepler, in his ear- 
liest: works, notwithstanding the myste- 
rious analogies of numbers and figures with 
which it was filled, exhorted him to devote 
his time to observation, and procured him 
the title of imperial inathematician. 

The death of Tycho, which happened | 
a few years afterwards, put Kepler in pos- 
acssion of his valuable coHection of obser- 
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vations, of which he made a most noble 
use, founding on them three of. the most - 
important discoveries that have been made 
in natural philosophy, 

It was an opposition of Mars which 
determined Kepler to employ himself, in 
preference, on.the metions of this pla- 
net. . Lis choice was fortunate in this cir- 
cumstance, thatthe orbit of. Mars: being 
one of the most excentric of the planetary 
system, the inequalities of his motion were 
more pesceptibic, and. theretere hed.ta the 
discovery of their Jaws,.with. @seater.. fa- 
cility and precision. ‘Theugh the theory. 
of the motion of the Karth. had: made:the 
vreater part.of those circles with wihick. 
Ptolemy had embarrassed astrenenmy, dis- 
appear, yet Copernicus had substituted 
many others to explais the real, ineguali- 
ties of the celestial indica. ie 

Kepler, deceived like him, by the opi-. 
nion that their motious ought to be eir- 
cular and uniform, tried a long time to 
represent those of Mars, in this hypothe: . 
$18, Pinally, after a great number of trials, - 
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which he has related in detail in his famous 
work called Stella Martis, he overcame 
the obstacle, which an error, supported by * 
‘the suffrage of every period, had opposed ” 
to him; he discovered that the orbit of 
Mars is an ellipse, of which the Sun oc- 
cupies one of the foci, and that the mo- 
tion of the planet is such, that the radius 
vector, drawn from its centre to that of 
the Sun, describes equal areas in equal 
times. Kepler extended these results 10 
all the planets, and published from this 
theory, in 1626, the Rudolphine tables, 
for ever memorable in astronomy, as being 
the first founded on the truc laws of the 
| planetary motions. 

Without the speculations of the Greeks. 
on the curves formed from the section of 
a cone by a plane, these beautiful liws 
might have been stul uaknown, The el- 
lipse being one of these curves, its oblong 
figure gave rise, in the mind of Kepler, 
ta. the idea of supposing the planet Mars, 

‘whose orbit he had discovered to be oval, 
“to move on it, and soon, by means of the 
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‘the idea of comparing: the powers of the 
| : numbers which ex pressed:the hem, he founds 
that the squares of the times of the plane 
tary revolutions, are to each other as the 
cubes of the major axes of theig, orbits : 
a most important law, and whith he had 
the advantage of observing in the system 
. Of satellites of Jupiter, and which‘ extends 

to all the systems of satellites. 
_ “we might be astonished that Kepler 
* should not have. applied the general laws 
of elliptic motion to comets. But, mis- 
Ted by*ags- ardent imagination, he lost the 
“clue of the fe analogy, ‘which should have 
conducted him to this great discovery. 
The comets, according to him, being only 
meteors, engendéred in ether; he neglect- 
“ed to study their motions, and thus stopped 
in the middle of the career which was 
open to him, abandoning to his succes- 
_ sors a part of the glory which he might 
geet have acquired. Inhis time, the world 
Pe _just begun to get @ glimpse of the 
BT) per nethod of proceeding } in the search 
of Hath, st which genius only arrived by 
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its discoyeries. Instead of passing sloWly 
ceupn of inductions, from insu 

: lated phenorfena, to others more extended, 
and from these to the general laws of na- 
ture ; it was more easy and more agreeable 
to subject all the phenomena to the rée~ 
lations of convenience and harmony, which 
the imagination could create and modify 
at pleasure. | 
Thus, Kepler explained the disposition 
of the solar system, by the laws of mubical 
harmony: We behold him even in his 
-Jatest works, amusing himself vith these 
chimerical speculations, even 80 far as to 
regard them as the “ life’ "and soul” of 
astronomy.. He has deduced from them 
the exceutricity of the terrestrial orbit, 





the density of the Sun, - its parallax, and 
other results ; the inaccuracy of wliich, 
now discovered, 7, proo of the errors 
to which we expose ourselves, in deviating: 
from the rout traced by observation. | 
After having destroyed the epicwetes 
which Copernicushad preserved ; after, ha” 






ing determined the curve which ihe p planeta 
_ 9g 
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describe round the Sun, and discovered 
the laws of their motion; Kepler too 
near to the principle fromwhich these 
laws were derived, not to foresee it. At- 
tempts to discover this principle, often ex- 
ercised his active imagination ; but the 
moment was not yet arrived, to make this 
last step, a more profound knowledge of 
mechanics, and a more perfect state” of 
geometry. | : 

However, amidst the fruitless trials of 
Kepler, and his numerous errors, the con- 
nection. gf tacts conduct. bisa. to correct 
opinions.o@ this. sukject, ju the work 1D 
which he published his principal disca- 
yeries. | 
| | Grayity,”’ he says, “in his Commen- 
© tary on Mars, is only a mutual and cor- 
 soreal aficction between simular bodies. 

“© Tfeavy bodies do not. tend to the centre 
“ of the world, bui to that of the round 
© poy, of which they form a part; and 
we sad the Karth were not spherical, heavy 
ce) ‘prdies would not fall towards its centre, 
ey but.£0 w ards different points. ”’ 
: If the Moon aud Earth were not re- 
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tained at their respective distances, ‘they 
would fall’ arpon each other, the Moon 
passing throigh to 44 of the distance, and 
the Earth passing through the reinainder, 
supposing them equally dense, “He be: 
licved’also, thatthe attraction of the Moon 
was the cause of the tides, and he suspect- 
ed,.,dhat the irregularities of the lunar 
motton were produced by the combined 
actions ofthe Sun and Earth on the Moon. 
Astronomy likewise owes to Kepler, 
many useful discoveries. - His work on 
optics. is full of new and inteteiting mat- 
- he there explains the mechanism of 





yision, which was unknown: before him. 
Ele assigned the true cause of tlie lumiere 
eondrée of the Moon; but he gave the 
honor of this discovery to his master, 
RTaestilinus, entithed to pafice from ‘this 
discovery, and’ ‘fom having iecalled Kep- 
ler iv astronomy, and converted Galilea 
to the system of Cope TRICUS. 
Fivally, Kepler, in bis work ents G 

Stercometria Dallorum, Was pr ; 
some conceptions on affinity, which: have 


fb 
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influenced the revolution experienced by 
geometry towards the end of fhe last cen 
tury, " oo 
‘With so many claims to admiration,-:. 
this great man lived in misery, while ju-. 
dicial astrology, every where honored, | 
was magnificently recompensed, The as-. 
tronomers of his time, Descartes himgelf 
and Galileo, who might have- received the 
wreatest advantage from Ine discoveries, 
do not appear to have perceived their im- 
portance. 
Fortunasely the enjoyment which a man, 
of genius Yectives from the truths w hich 
he discovers, and the prospect of a just 
and grateful posterity, console him for the 
ingratitude of his contemporaries, 
“Kepler had obtained pensions which 
were always ill paid : going to the diet of 
Ratisbon to solicit his arrears, he died in 
‘that city the 15th of November 1630. He 
hdd in his latter years the advantage of sce- 
the discovery of logarithms, and making 
tree B them. Vhis was due to Neprcr, a 
Scottisk baron ; it is an admirable coutriy~ 
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ance, an improvement on the ingenious al- 
oorithm of the Indians, and which, by Te 
- ducing to a few: days the labour of many 
months, we may almost say doubles the life 
of astronomers, and spares them the errors 
and disgusts inseparable from long ‘calcus 
lations #—an invention so much the more. 
eratifying to the human mind, as it 1s ene 
tirely due to its own powers: in the arts. 
man makes use of the materials andi feyces 
of nature to increase his powers, but here. 
all is his own work. . 

The labours of Huygens followed soon 
after those of Kepler and- Galilés. Very 
few men have deserved so well of the sCl- 
ences, by the importance and sublimity. of 
their researches. The application of the 
pendulum to clocks 1s one of the most 
beautiful acquisitions which astronomy and 
geography have: mage, and. te which for- 
tunate invention, end to that of the teles- 
cope, the theory and practice of which. 
Huygens considerably improved, they oles 
their rapid progress, 

We discovered, by meaus of excellent 

y 4 
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object-glasses which he sueceeded im cou- 

structing, that the singular appearances ,. 
of Saturn were produced by a very thin” 

bing, with which the planet is surrounded : 

his assiduity in observing made him disco-- 
ver one of the satellites of Saturn. 

He made numerous discoveries In gco- 
metry and mechanics ; and if this extras 
ordinary genius had conceived the idea of 
combining his theorems on gentrifugal 
forces with his beautiful investigation on 
invelutes, and with the laws of Kepler, — 
he would have preceded Newton in his 
theory ofeurvilinear motion, and in that 
of universal gravitation. Rut itis not in 
such approximations that discovery coii- 
sists. 

Towards the same time, Hevelius rev- 
dered himself useful to astronomy, by hits 
immense labours. l'oew, such indetatirable 
observers have existed ; it is to be rerret- 
“> ted that he would not adopt the applica- 
tion of teleseones to quadrants, au inven 
tion. which gate a precision previously 
unkgyrn to astronomy, 

ee 
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At this epoch astronomy received a new 
impulse from the cstablishment of learned 
" societics. | oy 
Nature iy so various.in her productions 
and phenomena, of which itis so difficult 
fo ascertain the causes, that it 1s requisite 
for a great number of men to unite their. 
mitelleet and exertions to comprehend and 
develope her laws, This union is particu- 
larly requisite when the sciences in extend- 
ing approximate, and require mutual sup- 
port irom each other. a 

fiisthen, hat the natugab philosopher has 
yecourse tv scometry, toart! ve atthe cencral 
causes of the phenomena which he observes, 
and the geometrician in his turn interré- 
eates the philesopher, tp order to render 
his own investigation useful, by applying 
them to experience : and to-oper in these 
applications a né-road in analysis, - But 
ihe principal advantage of learned socie- 
ties is the philosophical feciing: on every 
subject which’ ts introduced into the,’ 
and from. thence diffuses itself over: the 
whole nation. The - imsulated ‘philoso. 


al 
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phe may resign himself without fear to 
the spirit of system; he only hears con- 
tradiction at a distance ; but in a learned 
society the shock of systematic opiniong 
at length destroys them, and the desire of 
mutually eoavincing cach other establishes 
between the inembers an agreement otily 
io admit the results of observation and 
calé ulation. Thus experience has proved 
that: sinee the origzin of these establish- 
ments truc philosophy. bas been generally 
extended. | 

By seiting the example of submittings 
every opinion fo the test of severe scrutiny, 
they have destraved prejudices which had 
so long. reigned among the sciences, and 
in which the highest intellects of the pre- 
| ceding ages had participated. Their useful 
inflfence on opinion accumulated in our 
own time, with an enthusiasm which at 
other periods would have perpetuated 
“them, Finally, it is among. them or by 
the encouragement they.offer that those: 
grand, theories have been formed which 
re’ placed above the reach of the vulgar 
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by their comprehensiveness ; and which, 
extending themselves by their numerous 
occasions in which they are applicable, to 
‘nature and to the arts, are inexhaustible. 
sources of delight and intelligence, | 
Of ail the learned societies, the two 
most celebrated for the number and im- 
portance of their discoveries in’ the sci- 
ences, and particularly in astronomy, are 
the Academy of Sciénces in Paris, anit the: 
Royal Society in London. 
The first was created in 1666, by. Louis 
AIV. who foresaw the lustre which the | 
arts aud sciences were to diffuse over bis’ 
reign. ‘Lhis monarch, worthily seconded 
by Colbert, ineyged many learned strangers: 
to fix themselves in -his capital. Huy-. 
gens availed himself of this flattering 
invitation; he published his admirable | 
work De horqlogiayscillaterio, i in the midat 
of the academy, of which he was one “of 
the first members. He would have finished 
his days in tiff’ country, had it not been 
for the disastrous edict which, towards 
the cud of the fast. century, depiived 
PFO 
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France of so many valuable citizens. 
Huygens, departing from a country ip 
which the religion of bis ancestors was 
proscribed, retired to the Hague, where 
he was born the 14th of April, 1629, and 
died there the 15th of June, 1495. | 

Dominic Cassini was likewise induced 
to go to Paris, by the benelits of Louis 
KIV. During forty years of use ‘ful la- 
bours, he enriched astronomy with a 
crowd of discoveries : spch. are the theory 
of the satcliites of Jupiter, the motions 
“egwhich he determined from observations 
of. their eclipses the discovery of the four 
satellites of Saturn; thoséof the rotation 
of Jupiter, of the nettefparaltel to his 
equator, of the rotation of Mars, of the 
godiacal light, a very approximate know- 
 Tedge of the Sun’s parallax, a very exact 
tadle of refractions, and, aboveall, the com- 
plete theory of the libration of the Moan. 
- Yhe great number of astronomical ACR: 
-demicians of cxtraordimary merit, and thi 
limits, of {his historical abridgment, do no 
permit, me to rive an account of their 
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labors: ( shall content myself with ‘obsery~ 
ing that the application of the telescope to 
the quadrant, the invention of the micro- 
meter and heliometer, the successive pro- 
pagation of light, the magnitude of the 
Earth, its ellipticity, and the diminution 
of eravity at the equator, arc all discove- 
ries due to the Academy of Sciences, 
Astronomy does not owe less to the 
Royal Society of London, the Origin “of 
which isa few years anterior to that of 
the Academy of Sciences. Among. the 
astronomers which it has froduced, I shall 
cite Flaristead, one of the greatest ob- 
seryers that have ever appeared. Hatley, 
revdered illustrious by hts travels, under- 
taken for the advantage of science, by 
his beautiful tvestigation concerning co- 
Aimets, which enabled him to discover the. 
return of the comet in 1759; and by: ‘ie 
ingenious idea of cinployine the tramsit 
of Venus over the Sti, in the determina- 
tion of 118 patella, 1 shail mention, last- 
ly, Bradley, the model fer observets; and 
who will be for ever celebrated for _ two 
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of the most beautiful discoveries ever 
made in astronomy, the aberration of the. 
fixed stars, and the nutatien of the axis of 
the Earth. . 

When the application of the pendulum. 
to clocks, and of telescopes to quadrants,. 
had. rendered the slightest changes 1a the; 
position of the-celestial bodies perceptible. 
to observers, they endeavoured to deter- 
mine the annual parallax of the fixed 
to suppose, that 
ie diameter of the 






stars; for it was natury 
so great an extent as” 


_terresatrial..orbit, would be sensible ever 


at: the distance of these stars. Observing 
them carefully, atevery season of the year, 


there appeared slight variations; someq_ 


times favorable, but more frequently con- 


trary to the effects of parallax. ‘To de- 


termine the law of these variations, an tn- — 
stfument of great radius, and divided with 


extreme precision, was requisite, The 


artist who executed it, deserves to partake | 
of the glory of the astronomer who owed) 
his discovery to him. Grabam, a famous” 
English watch-maker, constructed a great 


a an 
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sector, with which Bradley discovered the 
aberration of the fixed stars, in the year 
1727. To explain it, this great astrono- 
mer conceived the fortunate idea of com- 
bining the motion of the Earth with that 
of light, which “Roemer had discovered. 
atthe end of the last century, by means 
of the eclipses of Jupiter’s satellites. We - 
should be surprised that none of the dis- 
tinguished philosophers who then existed, 
and who kuew the motion of light, should - 
have paid any attention to the very. sim- | 
ple effects which result froupat, ia the ap? .. 
parent position of the fixed stars. But, 
the human mind, so active in the for mide 
tion of systems, has almost always waited 
till observation and experience have ac- 
quainted it with important truths, which 
its powers of reasoning alone might have 
discovered. ae 
it isthus that the invention of icleseopes | 






has followed by more than three centuries — 
that of lenses, aid even then was ony due 
to accident. 


In 1745, Bradley discovered by obser: 
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vation, the nutation of the terrestrial axis. 
In all the apparent variations of the fixed 
stars, observed with extraordinary care, 
he perceived nothing which indicated & 
perceptible. paraliax. ‘Fhe measurcs of 
the degrees. of the terfestrial meridian, 
and of the pendulum, multiplied in dif- 
ferent parts of the-glebe, of which France 
gave the example, by measuring the whole 
arc of the meridian, which crosses it, and 
by sending the academician to the north 
und to the equator, to observe the magni- | 
tude of these degrees, and tle intensity of | 
dhe force of gravity. The arc of the me- 
Fidian, comprised between Dunkirk and 
Barcelona, determined by very precise ob- 
servations, and forming the base. of the 
most natural and simple system of mea- : 
sures; the voyages undertaken toobserve the 
“Sap transits of Venus over the Sun’s disk, 
In 1764 and 1769, and the exact kuow- 
edge of the dimensions of the golar sys- 
tem, which has been derived from these 
voyages; the invention of achromatic te- 
lescopes, of chronometers, of the sextant 
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and repeating circle, the discovery of the 
planet Uranus, by Herschel, in 178{ ; that 
of its satellites, and of two new satel- 
lites of Saturn,.due to:the same observer, 
all the astronomical theories being brought 
to perfection. anéall the celestial. pherio- 
mena, without exception, being referred 
to the principle of universal wravitation, 
These, with the discoveries ‘of Bradley, are 
the principal obligations which astronomy 
owes to our century which, with the pre- 


ceding, will always be considered as the 


# 


most glorious epoch of the-séies@e. 
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CHAP. Y. 


Of the Discovery of unvérsal Gravitation. 
Arrer having shewn by what successive 
efforts the human mind has atfained the 
kuowledge of the celestial motions, it only 
remanis to consider the means by which. 
it has arrived at the general nriveiple, “olf 
which these laws depend. Descartes wt 
‘be first who endeavoured fo reduce ‘the 
motions of the heavenly bodies to some 
mechanical principle. He imagined vor- 
fices of subtle matter, in the centre of 
which he placed these bodies. ‘lhe vor- 
tex of the Sun forced the planet into mo- 
fien’: that of ihe planet, in the same man- 
ner, forced its satellite to revolve round 
it. The motion of comets traversing the 
heavens in all directions, destroyed’ these 
yortices, as they had before destroyed the 
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solid christalline spheres of the ancient 
astronomers. Thus, Descartes was no 
happier in his mechanical, than Ptolemy 
in his astronomical theory. But their la-. 
bours have not been useless to SCIENCOr 
Ptolemy has trangsitted to us, through 
fourteen centuries of ignorance, the few 
astronomical truths which the ancients 
had discovered. Descartes, born at a 
later period, aud at a time when the unt 
versal curiosity was éxgited, which he him- 
self had increased, by substituting in the 
place of ancient errors, others more se- 
ducing, and resling on the autherity of. 
his geometrical discoveries, was enabled 
to destroy the empire of Aristotle and 
Ptolemy, which wight bave stood the ate 
tack of a more careful philosopher; but 
‘by establishing as a principle, that we 
should begin by doubting of every thiy 23 


he himself warned us tou examine his own 





system with severity, which could not 
long resist the new truths that were op- 
posed ta it. It was reserved for Newton 
to teach us the general principlesof the 
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heavenly motions. Nature not only en- 
dowed him with a profound genius, but 
placed his existence ia a most fortunate 
period. Descartes had changed the face 
.of the mathematical sciences, by the ap- 
plication of algebra tothe theory of curves 
and variable functions. The geometry of 
infinites, of which this theory contained 
the germ, began to appear in various.’ 
places. Wallis, Wren, and Huygens, had 
discovered the lawiigf motion; the disco- 
verics of Galileo, on falling’ bodies, and 
of Huygens on evolutes aud centrifugal 
f force, led. to the theory of motion in 
curves; Kepler had determined those de- 
scribed by the planets, and had formed a 
remote conception of universal gravita- 
tion; and finally, Hook had distinctly 
— perceived that their motion was the result 
“Qf: a preiectile force, combined with the 
attractive force of the Sun, The science ; 





of celestial mechanics wanted ‘nothing’ 
more to bring it to light, but the genius 
of man, who, by generalizing these disco- 
veries, schould be cxpuble of perceiving the 
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law of gravitation : it is this which New- 
ton accomplished in his immortal work on 
the mathematical principles of natural 
philosophy. This philosopher, so de- 
servedly celebrated, was born at Wools | 
strop, in. England, i# the latter end of the’ 
year 1642, the year in which Galileo died. 
His first success in his early studies, an- 
nougged his future reputation; a cursory. 
perusal of elementary books, was sufficient — 
for him to comprelfag@ them; he next 
read the gepmeiry of ) sscattes, the optics | 
of Kepler, and the arithmetic of urfinites, 
by Wallis, but soon aspiring to new ine 
' ventious, he was, before the age of twenty- 
seven, in possession of his method of flux 
' ions, and his theeryoft hght. Aaxteus for 
— repose, aud aveise to literarf controversy, 
he delayed publishing Lis discoversesy Hig 
friend and preceptor, Qt. Barrow, exerted 

himself in his favor, and obiained for him 
the situation of professor vi mathematics: 
in the university of Cambridge; 1t was 
during this pericd, that, yielding to the 
request of Haliey, and the.solicitations of 
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the Royal Society, he published his Prin- 
cipia, ‘The university, of which he was 
a member, chose him for their represen- 
tative, in the conventional parliament of 
88, and for that which was convened in 
1701. He was knighted and appointed 
director of the mint, by Qucen Anne: he 
was elected presidentof the Royal Society 
in 1703, which diguity he enjoyed till his 
death, in 1727. During the whole of his 
life he obtained the most distinguished 
consideration, and ‘the uation to whose 
glory he had so much contributed, decreed 
aghin at his death. public funeral honours, 

In 1666, Newton retired into the coun- 
try, and, for the first time, directed his 
thoughts tothe system of the world, The 
descent of heavy bodies, which appears 
nearly the same at the summit of the high- 
est mountains as at the surface of the 
Earth, suggested to him the idea, that 
gravity might extend to the Moon, and 
that bemg combined with some motion of 
projection, it might cause tt to describe its 
elliptic orbit round the Marth, To verify 
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this conjecture, it was wécessary to know 
the law of the diminution of gravity. 
Newton considered, that if the Moon was 
retained in its orbit by the ‘gravity of the 
Earth, the planets should also be retained 
in their orbits by their gravity towards the 
Sun, and demonstrated this by the law of. 
the areas being proportional to the times. 
Now it results from the relation of the 
squares of ihe times to the cubes of 
the greater axis of their orbits, that 
their centrifugal force, and conseqitent- 
ly their tendency to the Sun, diminishes 
inverscly as the squares of the distanceg 
from this body. Newton, therefore, trans- 
ferred to the Earth this law of the dimi- 
nution of the ferce of gravity, and rea- 
sonivg, from the experiments of falling 
bodies, he determined the height which _ 
the Moon, abandoned to itself, would fall 
ina short interval of time. This height 
is the versed sine of the are which it de- 
scribes in the samic interval; and this quan- 
tity the lunar parallax gtves in parts of 
the radius of the Earth, so that, to com- 
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pare the law of gravitation with observa- 
tion; it was necessary to know the magni- 
tude of this radius; but Newton having, 
at that time, an erroneous cstimate of the 
terrestrial meridian, obtained, a different 
resuit from whut he expected, and sus- 
pectiag that some uuknuown forces united 
ihemselyes with the gravity of the Moon, 
he abasdecd his origiial idea, Some 
years afterwards, a fetter from Dr. look 
ndyged hin to investigate the nature of 
the curve described by projectiles round 
the centre of the Bare. | Pycard bad late« 
4y finished Abe measuj- wi oa degree. in 
Frazee, aid Newlou tude, 7} itis miea- 
sure, that the Move was retacued in its 
orbit by the force oi gravity alose, sup- 
posed to vary inverstly as the square of 
the distance. 5 cis law be found that 
bodies in their fall, describe ellipses, of 
which the centre of the Karth occupies 
ope of thei foci, aud then, considering 
that the planetary orbits are likewise el- 
lipses, having the Sun in oue of their foci, 
he had the satisfaction to see, that the 
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solution which he had undertaken from 
eutiosity, could be applied to the greatest 
objects in nature. He arranged the seve- 
ral propositions relative to the elliptic mo- 
tions of pluaets, und Dr. Halley having 
induced him to publish them, he com- 
posed his grand work, the Principie, 
which appeared ia 1687, These details, 
which have been transmitted tous by hia 
(friend and cotemporary Dr, Pemberton, 
prove that this great philosopher had, so 
early as 1666, discovered the pringipal 
theorems on centrifugal force, which Huy- 
wens published six years afterwards, a 
the end of his work De Horologio Oseil- 
latorio; for, indeed it is highly probable 
that the author of the method of fluxions, 
who seems then to have been in possession 
of it, should easily have discovered these 
theorems. Newton arrived at the law of 
the diminution of gravity, by the relation 
which subsists between the squares of the 
periodic times, and the cubes of the greater 
axes of their orbits, supposed circular. 
(le demonstrated that this relation exists 
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in elliptic orbits generally, and that it in- 
dicates an equal gravity of the planets to- 
wards the Sun, supposing them at an equal 
distance fromits centre. The same equal- 
ity of gravity towards the principal pla- 
net, exists likewise in all the systems of 
satellites, and Newton verified it on ter- 
restrial bodies, by very accurate experl- 
meats, 

This great geometrician, by considerig 
this question generally, demonstrated that | 
a projectile can move in any conic-section 
whatever, in consequence of a force di- 
rected towards its ceptre, and varying re- 
ciprocally as the square of the distances. 
He investigated the different proper- 
ties of motion in this species of curves; 
he determined the conditions requisite for 
the section to be a circle, anellipse, a pa- 
rabola, or an hyperbola, which conditions 
depend entirely on the velocity and primi- 
tive position of the body. 

Any velocity, position, and initial direcs 
tion of a body being given, Newton assigned 
the conic section which the body should de- 

a. Cad tn awhieh ftanewhtcoancenuoenttly ta 
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move, which answers the reproach which 
John Bernouilli made him of not having de- 
monstrated, that the conic sections are the 
only curves which a body, solicited by a 
force varying reciprocally as the squares 
of the distance, can describe. These in- 
vestigations, apnlied to the motion of co- 
nets, informed him that these bodies move 
round the Sun, according to the same laws 
us the planets, with the difference only of 
their ellipses being very excentric; and 
he gave the means of determining by. ob- 
servation, the elements of these ellipses. 

Ye learned from the comparison of the 
distance and duration of the revolutions 
of satellites, with those of the planets, 
the respective densities and masses of the 
Sun, and of planets accompanied by sa- 
tellites, and the intensity of the force of 
eravity at their surface. 

By considering that the satellites move 
round their planets very nearly, as if the 
planets were immovable, he discovered 
that all these bodies obey the same force 
of gravity towards the Sun. 
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The equality of action and reaction, 
did not permit him to doubt, but that the 
Sun gravitated towards the planets, and 
these towards their satellites: and even 
that the Earth is attracted by all the bo- 
dies that rest uponit. Ele extended this 
proposition afterwards by analogy, to all 
the celestial bodies, and cstablished as a 
principle, that all particles of matter at- 
tract each other directly as their mass, and 
inversely as the square of their distance. 

Arriyed at this principle, Newton saw 
that the great phenomena of the system of 
the world might be deduced from it. -By 
considering gravity at the surfaces of the 
celestial bodies, as the result of the at- 
tractions of all their particles, he ascer- 
tained these remarkable truths, that the 
attracting force of a body, or of a spheri- 
cal stratum, on a point placed without it, 
is the same asif its mass was compressed 
into its centre; and that a point placed. 
withia a spherical stratum, or generally 
any stratum terminated by two elliptic aur- 
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faces, similar and similarly situated, 18 
equally attracted on every side. 

He proved that the motion of rotation 
of the Earth, ought to have flattened it in 
the direction of the poles, and he deter- 
mined the law of the variation of the de- 
grees and of gravity, supposing it homo- 
reneous. 

He saw that the action of the Sun and 
Moon on the terrestrial spheroid ought 
to producc a motion in its axis of rotation, 
to make the equinoxes retrograde, to ele- 
vate the waters of che ocean, and to pro- 
duce in this great fluid mass the oscilla- 
tiens which are observed under the name 
of tides, 

Lastly, he was convinced that the lunar 
irregularities were produced by the com- 
bined action of the Sun and Earth on this 
satellite. But with the exception of what 
concerns the elliptic motion of the planéts’ 
and comets, the attraction of spherical 
bodies, and the intensity of gravity at the 
surface of the Sun, and of those planets 
that are accompanied by satellites, ail 
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these discoveries were only sketched by 
Newton. His theory of the form of the 
planets is limited by the sup position of their 
homogenity : his solution of the problem 
of the precession of the equinoxes, though 
very ingenious, is, notwithstanding the 
apparent agreement of his result with 
observation, in many respects defective ; in 
the great number of the perturbations of 
the celestial motions, he has only consider- 
ed those of the lunar motion, of which the 
most considerable, the evection, has es- 
caped his investigation. He has perfectly 
established the existence of the principle 
which he discovered, but the developement 
of its consequences and its advantages, has 
been the work of the successors of this 
great geometrician. The state of imper- 
fection in which the infinitesma) calculus 
must have been in the hands of its inyen- 
tor, has not permitted him to resolve com- 
pletely the difficult problems which the 
theory of the system of the world presents ; 
and he has been often obliged to pive con- 
jectures, at least uncertain till they have 
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been verified by a rigorous calculation. 
Notwithstanding these inevitable defects, 
the importance and extent of his discove- 
ries, the great number of original and pro- 
found conceptions, which have been the 
germ of the most brilliant theories of the 
geometricians of this century, and arranged 
with much elegance, insures to his Prin- 
cipia a pre-eminence over all other. produc- 
tions of human intellect. 

The case is not the same with the sei- 
ences as with literature: this has limits 
which aman of genius may reach when 
he employs a language brought to per- 
fection ; he is read with the same interest 
in all ages; and time only adds to his re- 
nutation by the vain efforts of those who 
try to imitate him. 

‘The sciences, on the contrary, without 
bounds like nature herself, increase infi- 
nitely by the labours of successive gene- 
rations the most perfect work ; by raising 
them to a height from which they can 
never again descend, gives birth to new 
discoveries which produce in their turn 
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new works which efface the former from 
which they originated. Others will pre- 
sent in a point of view more general and 
more simple, the theories described in the 
Principia, and all the truths which it has 
displayed ; but it will remain as an eter- 
nal monument of the profundity of that 
genius which has revealed to us the great- 
est law of the universe. 

This work and the equally original 
treatise by the same author on optics, have 
still the ment of Being the best models 
which he proposed in the sciences, and in 
the delicate art of making experiments 
and submitting them to calculation. We 
there see the most beautiful applications 
of the method which consists in tracing the 
principal phenomena to their causes by a 
succession of inductions, and afterwards 
to redescend from these causes, to all the 
details of the phenomena. 

General laws are impressed in all indi- 
vidual cases, but they are comphcated 
with so many extraneous circumstances, 
that the greatest address is often necessary 
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to develope them. The phenomena most 
proper for this object must be chosen, 
they must be multiplied that the attendant 
circumstances may be varied, and that 
whatever they have in common may be 
observed. 

We thus ascend successively to relations 
more and more extended, and we arrive 
at length at general laws, which are veri- 
fied either by proofs or by direct experi- 
ment, if that is possible, or by examining 
if they satisfy all the*known phenomena. 

This is the most certain method by 
which we can be guided in the search of 
truth. No philosopher has adhered more 
faithfully to this method than Newton ; it 
conducted him to his discoveries in analysis, 
and it led him to the principle of universal 
gravitation, and to the properties of light. 
Other philosophers in England, cotempo- 
raries of Newton, adopted it by his exam- 
ple, and it wis the base of a great num- 
ber of excellent works which then ap- 
peared, | 

The philosophers of antiquity following 
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a contrary path, and considering them- 
selves as at the source of every thing, 
imagined genera! causes to explain them. 

Their method, which was only pro- 
ductive of vain systems, had not greater 
success in the hands of Descartes, In 
the time of Newton, Leibnitz, Male- 
branche and other philosophers employed 
it with as little advantage. 

At length the inutility of the hypotheses 
to which it led its followers, and the pro- 
gress for which the ‘sciences are indebted 
io the method of inductions has brought 
back all philosophers to this last method, 
which Chancellor Bacon has established 
with the whole force of reason and elo- 
quence, and which Newton has yet more 
atrongly recommended by his discoveries. 

It is by means of synthesis that this, great 
geometrician has explained his theory of 
the system ofthe world. It appears, how- 
ever that he found the greater part of his 
theorems by analysis, the limits of which 
he has considerably extended, and te 
which he allows himself to have owed his 


oA7 


eeneral results on the quadratures of 
curves, 

But his great predilection for synthe- 
sis, and his esteem for the geometry of the 
ancients, has induced him to represent his 
theorems, and even his method of fluxions 
under asynthetic form. And it is evident 
by the rnics and examples which he has « 
riven of these transformations in many 
works, how much importance he attached 
toit. We may regret with the geometri- 
cians of his time, that he has not followed 
in the exposition of his discoveries, the 
path by which he arrived at them; and that 
he has suppressed the demonstration of 
many results, such as the equation of the 
solid of least resistance, preferring the plea- 
sure of leaving it to be divined to that of 
enlightening his readers. 

The knowledge of the method which 
jrks guided a man of genius is not less ser- 
viceable to the progress of the sciences, 
and even to -his own glory, than his disco- 
veries ; and the principal advantage 
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which has been derived from the famous 
dispute between Newton and Leibnitz, 
concerning the invention of the infinitesmal 
calculus, has been to make known the 
path of these two great men, in their first 
analytical labours, 
The preference of Newton for the syu- 
~ thetical method, may be explained by the 
elegance with which he connected his 
theory of curvilinear motion, with the 
investigations of the ancients on the conic 
sections, and the beautiful discoveries 
which Huygens had published according 
to this method. Geometrical synthesis 
has besides the property of never losing 
sight of its object, and of enlightening 
the whole path which leads from the first 
axioms to their last consequences, while 
algebraic analysis soon makes us forget 
the principal object, to occupy ourselves 
with abstract combinations, and it is onfy 
at the end that it brings us back to it. 
But in thus quitting the object of inves- 
tigation, after having assumed what is in- 
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dispensably necessary toe arrive at the 
required result, by directing all our atten- 
tion to the operations of analysis and re- 
serving all our forces to overcome the dif- 
ficulties which present themselves, we are 
conducted by the universality of this me- 
thod, by the inestimable advantage of thus 
transferring the train of reasoning in me~ 
chanical questions, to results often inaccessi- 
ble to synthesis. The theory of the system 
of the world offers a great number of exam- 
ples of this power of analysis to which this 
theory owes a degree of perfection which 
it would never have acquired if no other 
path had been followed than that traced by 
Newton. Such is the fecundity of analy- 
sis, that if we translate particular truths 
mto this universal language, we shall find 
a number of new and unexpected truths 
arise merely from the form of expression. 
No language is so susceptible of the ele- 
gance which arises from the developement 
ofa long train of expressions connected 
with each other, and all flowing from the 
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same fundamental idea. Analysis unites 
to allthese advantages that of always be- 
ing able to conduct us to the most simple 
methods. Nothing more is requisite than 
to apply it in a convenient manner by 
a judicious choice of unknown quantities, 
and by giving to the results the form most 
easily reducible to geometrical construc- 
tien, or to numerical calculation, The 
eeometricians of this century, convinced 
of its superiority, have principally applied 
themselves to extend its domain, and en- 
Jarge it boundaries. 

However, geometrical considerations 
ought not to be abandoned ; they are of 
the greatest utility in the arts. Besides 
it ig curious to imagine the different re- 
sults of analysis represented In space ; and 
reciprocally, to read all the affections of 
lines and surfaces, and all the variations 
inthe motions of bodies, in the equations 
which express them. This approxima _ 
tion of geometry and analysis, diffuses a 
new light over the sciences ; the intellec- 
tual operations of the latter, rendered per- 
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ceptible by the images of the former, are 
more easy to comprehend, and more in- 
teresting to pursue ; and when observation 
realizes these images, and transforms 
these geometrical results into laws of na- 
ture, and when these, embracing the 
whole universe, display to our view its 
present and future state, the view of this 
sublime spectacle, presents to us one of 
the most noble pleasures reserved for 
mankind. 

About fifty years have passed since the dis- 
covery ofthe theory of gravitation, without 
anyremarkable additionto it, All! this time 
has been requisite for this great truth to 
be generally understood, and to surmount 
the obstacles opposed to it by the systein 
of vortices, and the authority of geome- 
triclans cofemporary with Newton, who 
combatted tt perhaps from vanity, but 
who have neyertheless accelerated its pro- 
gress by their jabours on infinitesmal ana- 
lysis. 

At length, their successors have cop- 
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ceived the fortunate idea of applying this 
analysis to the celestial motions by reduc- 
ing them to differential equations which 
they have rigorously integrated, oar by 
converging’ approximation. They have 
thus explained by the law of gravitation 
all the known phenomena of the system 
of the world, and have given an unhoped 
for precision to astronomical tables. It 
has been necessary, for this object, to 
bring to perfection at once mechanics, 
optics, and analysis, which principally 
owe their rapid improvements to their 
being necessary to the purposes of physi- 
cal astronomy. It might be rendered yet 
more correct and simple, but posterity will 
no doubt sce with gratitude that the geo- 
metricians of this century have transmitted 
no astronomical phenomenon of which 
they have not determined the cause and - 
the flaw. 

Jsustice to France requires us to observe 
that if England had the advantage of 
giving birth to the discovery of universal 
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ecavitation, it is principally to the French 
vcometricians, and to the encouragements 
of the Academy of Sciences, that the nu- 
merous developments of tlils discovery are 
due, and the revolution which it has pro~ 
duced in astronomy. 


CHAP. VI. 


Considerations on the System of the Universe, and 
on the Future Progress of Astronomy. 


Ler us now direct our atiention to the 
arrangement of the solar system, and its 
relation with the stars. The immense 
globe of the Sun, the focus of these mo- 
tions, revolves upon tts axis in twenty-five 
days and a half. Its surface is covered 
with an ocean of luminous matter, whose 
active effervescence forms variable spots, 
often very numerous, and sometimes larger 
than the Farth. Above this ocean exists 
an immense atmosphere, in which the pla- 
nets, with their satellites, move, in orbits 
nearly circular, and in planes little inclined 
to the ecliptic. Innumerable comets, after 
having approached the Sun, remove ta 
distances, which evince that his émpire 
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extends beyond the known limits of the 
planetary system. This luminary not only 
acts by its attraction upon all these globes, 
and compcls them to move around him, 
but imparts to them both light and heat ; 
his benign influence gives birth to the ani- 
mals and plants which cover the surface 
of the Earth, and analogy induces us to” 
believe, that it produces similar effects on 
the planets ; for, it is not natural to sup- 
pose that maticr, of which we see the fe- 
cundity, develope itself in such various 
ways, should be sterile upon a planet so 
large as Jupiter, which, like the Earth, 
has its days, its nights, and his years, and 
on which observation discovers changes 
that indicate very active forces, Man, 
formed for the temperature which he en- 
joys upon the Earth, could not, according 
to all appearance, live upon the other pla- 
nets; but ought there not to be a diversity 
of organization suited to the various tem- 
peratures of the globes of this universe ? 
If the difference of elements and climates 
alone, causes such variety in the produc- 


336 


tions of the Earth, how infinitely diver- 
sified must be the productions of the planets 
and their satellites ? The most active ima- 
gination cannot form any justidea of them, 
but still their existence is extremely pro- 
bable. 
However arbitrary the system of the 
- planets may be, there exists between them 
some very remarkable relations, which may 
throw light on their origin; considermg 
them with attention, we are astonished to 
see all the planets move round the Sun 
from west to east, and nearly in the same 
plane, all the satellites moving round their 
respective planets in the same direction, 
and nearly in the same plane with the 
planets. Lastly, the Sun, the planets, 
and those satellites in which a motion of 
rotation have been observed, turn on their 
own axis, in the same direction, and nearly © 
inthe same plane as their motion of pro- 
jection. | 7 
A phenomenon so extraordinary, 1s not 
the effect of chance, 1t indicates an unl 
versal cause, which has determined All 
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these motions, To approximate some- .- 
what to the probable explanation of this 
cause, we should observe that the planet- 
ary system, such as we now consider it, 
is composed of seveu planets, and fourteen 
satellites. We have observed the rotation 
of the Sun, of five planets, of the Moon, | 
of Saturn’s ring, and of his farthest satel- 
lite; these motions with those of revolu- 
lion, form together thirty direct moye- 
ments, in the same direction. If we con- 
ceive the plane of any direct motion what- 
ever, coinciding at first with that of the 
ecliptic, afterwards inclining itself towards 
this last plane, and passing over all the 
degrees of inclination, from zero to half 
the circumference; it is clear that the 
motion will be direct in all its inferior in- 
clinations to a hundred degrees, and that 
it will be retrograde in its inclination be- 
yond that; so that, by the change of in- 
clination alone, the direct and retrogzade 
motions of the solar system, can be repre- 
sented. Beheld in this point of view, we 
may reckon twenty-nine motions, of which 
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the planes are inclined to that of the 
Earth, at most ith of the circumference ; 
but, supposing their inclinations had been 
the effect of chance, they would have ex- 
tended to half the circumference, and the 
probability that one of them would have | 
exceeded the quarter, would be l—-3,, or 
“288720211 Tt is then extremely proba- 
ble, that the direction of the planetary 
motion is not the effect of chance, and this 
becomes still more probable, if we consider 
(hat the inclination of the greatest num- 
ber of these motions to the ecliptic, 1s 
very small, and much less than a quarter 
of the circumference. 

Another phenomenon of the solar sys-. 
tem equally remarkable, 1s the small ex- 
centricity of the orbits of the planets 
and their satellites, while those of comets 
are much extended. The orbits of the 
system offer no intermediate shades be- 
tween a great and sinal!l excentricity. We | 
are here again compelled to acknowledge 
the effect of a regular cause ; chance alone 
could not have given a form nearly circu- 
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lar, to the orbits of all the planets. This 
cause then must also have influenced the 
great excentricity of the orbits of comets, 
and what is very extraordinary, without 
having any influence on the direction of 
their motion; for, in observing the orbits 
of retrograde comets, as being inclined 
more than 100° to the ecliptic, we find 
that the mean inclination of the orbits of 
all the abserved comets, approaches near to 
10G°, which would be the case yf the bo- 
dies had been projected at random. 

‘Thus, to investigate the cause of the 
primitive motions of the planets, we have 
given the five following phenomena: Ist, 
The motions of planets in the same direc- 
tion, and nearly inthe same plane. 2d, 
The motion of their satellites in the same 
direction, and nearly in the same plane 
with those of the planets. 3d, The mo- 
tion of rotation of these different bodies, 
and of the Sun in the same direction as 
their motion of projection, and in planes 
but little different. Ath, The smalf ex- 
centricity of the orbits of the planets, and 
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OF their satellites. 5th, The great excen 
tricity of the orbits of comets, althoug! 
their inclinations may have been left 4 
chance. 

Buffon.is the only one whom I have 
known, who, since the discovery of the 
true system of the world, has endeavoured 

” to investigate the origin of the planets, 
and of their satellites. He supposes that 
a comet, in falling from the Sun, may 
have driven off a torrent of matter, which 
united itself at a distance, into various 
globes, greater or smaller, and mere or 
less distant from thig lum inary. These 
globes are the planets and satellites, which, 
by their cooling, are become Opaque and 

_ solid, 

This hypothesis accounts for the first 
of the five preceding phenomena: for, it 
is clear that all bodies thus formed, must 
move nearly in the plane which passes 
through the centre of the Sun, and in the 
direction of the torrent of matter which 
produces them. The four other pheno- 
meta appears to me inexplicable by his 
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theory. In fact, the absolute motion of the 
particles of a planet would then be in the 
same direction of the motion of its centre of 
gravity ; but it does not follow that the ro- 
tation of the planet would be in the same 
direction. Thus, the /arth may ture 
from west to east, and yet the absolute ~ - 
direction of each of its particles. may bee 
from east to west. What. I say of the ro- 
tatory motion of the planets, 1s. equally 
applicable to the motion of their satellites 
in their orbits, of which the direction in 
the hypothesis he adopts, is not necessarily 
the same with the projectile motion of the 
planets. - yon 
The spall exceutsicity of the motion of 
the planetary orbits, is not only very dif- 
ficult to explain on.,this hypothesis, but 
athe phenomenon contradicts it. We know. 
‘ by the theory of central forces, that if a 
body moving in an orbit round the Sun, 
toached the surface of this luminary, it 
would uniformly return to it at the com-_ 
pletion of each revolution, from whence it 
follows, that if the planets had originally 
Vou. UL R 
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‘been detached from the Sun, they would 
have totiched it at every revolution, and 
their orbits, far from being cireular, would 


be very exceutric. ‘It is true, that a tor- 
Tent of matter, sent off from the Sun, 


; cannat correetly be compared to a globe 


which touches its surface. ‘The impulse 
“whieh ‘the particles of this torrent | receive 
from one another, and the revi procs 7 at- 
traction exercised : among them, may chang G 
the direction of their motion,” and i increase 
their perihelion. ‘distances’: but’ their. ‘or- 
bits would uniformly become ery “exceil- 7 
tric, or at,Jeast if must be. a ver ’ exti'nor- 
dinary chance that would give ‘them’ ex- 
_centricities so small as those of the pla- 
‘nets. Tn a word, we do not see, 10 this 
hypothesis of Buffon, why the orbits of 
aboutcighty comets, already observed, | are 
all very elliptical. This hypothesis, then, _ 
is far from accounting for the preceding 
pbenomena. Let us see if it is possifle 
to arrive at their true cause. 

Whatever be its nature, since if has 
produced or directed the motion of the 
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planets and their satellites, it must have 

embraced all these bodies, and considering: 

the prodigious distance which separates 

them, they can only be a fluid of immense 

extent. To have given in the same direc- 

tion, a motion nearly circular round the 

Sun, this Quid must have surrounded the. 
~ Jumtvary like an atmosphcre, This view, 

therefore, of planetary motion, leads us to 

think, that in consequence of excessive 

heat, the atmosphere of the Sun originally 

extended beyond the orbits of all the pla- 

nets, and that it has gradually contracted. 
itself to its present limits, which may have ; 
takeu place from causes similar to those 
which caused the famous star that suddén- 
ly appeared in 1572, in the constellation 
Cassiopwza, to shine with the most brilliant 
splendour during many months, 

Phe great excentricity of the orbits of 
comets, leads to the same result; it eyi- 
dently indicates the disappearance of a 
great number of orbits legs excentric, 
which indicates an atmosphere round the 
Sun, extending beyond the Perihelion of 
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observable comets, and which, m destroy- 
ing the motion of thase which they have 
traversed in a duration of such extent, have 
re-united themselves to the Sun. Thus, 
we see that there can at present only exist 
such comets agy were beyond this limit at 
Abat period. And as we can observe only 
these which in their perihelion approach 
pear the Sun, their orbits must be very 
—excentric : but, at the same time, It is ev1- 
dent that their inclinations must present 
the same inequalities asif the bodies had 
been sent off at random, since the solat 

atmosphere has no influence over their 
 ghottons. Thus, ihe long’ period of the 
revolutions of comets, the great excentri- 
city of their orbits, and the variety of 
their inclinations, are very naturally ex. 
plained by means of this atmosphere.’ = 

But how bas it determined the motions 
ef revolution aud rotation of the planets ¢ 
If these bodies had penetrated this fluidy 
‘fits resistance would have enuscd them to. 
fall into the Sun. We may then conjece 
tire, that they bave been formed at the 
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successive bounds of this atmespheres, . 
by the condensation of zones, . which . 
it must have abandoned in the. plane of 
its equator, and in becoming cold have. 
condensed themselves towards the surface: 
of this luminary, as we have seen ian the 
preceding Book, One may hkewtse come 
jecture, that the satellites have been. forme, 
ed in asimilar way by the atmosphere of. 
the planets. The five phenomena; ex-. 
plained above, . naturally. result. from. this — 
hypothesis, to which the rings of Satur: 
add an additional degree of probability. 

Whatever may have been the origin o€- 
this arrangement of the planetary system, 
which I offer with that distrust which. 
every thing ought to mspire that is not 
the result of observation or calculation ; 
it is certain that its elements are so ar-— 
ranged, that it must possess the greatest 
stability, if foreign observations do not 
disturb it. Through this cause atone, 
that the motions of planets and satellites 
are nearly circular, and impelled in the— 


same direction, and in planes differing but 
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“ttle. from; each other, it arises that this 
system can only oscillate to, a:gertain @x- . 
tent, from which its deviation . must pe - 
eatremely limited ; the mean motions of 
-. Yofation and revolution of these. different 
, Aodies. are uniform, and their. mean dis- 
tances to the foci of the. principal, forces 
which animate them, are uniform. It 
aeergs that nature has disposed every thing. 
in the heavens to insure. the dyration of. 
the system by views similar to those. which 
she appears to us so admirably to follow 
upon Karth, to. preserve the individual and 
insure the perpetuity of the Species. a. 
- Let us now look beyond the solar sys 
tem. Innumerable suns, which may be 
the foci of as many planetary systems, are 
spread out in the immensity of space, and 
atsuch a distance from the Earth, that the 
entire diameter of it, seen from their cen~ 
tre, is insensible. Many stars experieng 
—both.in their colour and splendour, peri. 
“odical variations, very remarkable ; there | 
are some which have appeared all at enée, 
and disappeared after having for some 
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time spread a brilliant light. What pro- 
digtous change must Have operated di thé 
suPfate of these great bodies. to be' thus 
sensible at the distance Whieh sefuratay: 
them from us, and how nuch they? miutets 
exceed those which we observe on the surst 
face of the Sun? All these todies whieh: 
' are become inyisible, remain in the sarae* 
place where they were- observed, ‘sinéa 
there was no chahge during ‘the tmerwe. 
theic appearance, there exist then in. space 
obseure “bodies dé téhisiderable) “and - peu 
haps ‘as ‘umerdub"Hy ‘the stares: A Tamiz 
notis star, of the same density as the Earth, : 
and whose diameter should be two “hin 
dred and fifty’ times larger tian ‘that! of 
the Sun, would not, in Consequence of ‘itt 
attraction, allow any of its rays to arrive 
at us; it is therefore possible that: the . 
largest luminous bodies "td the univerke: 
may, through this cause, be invisile, (A 
star, which. without being of this magni- 
tude, should yet conéiderably surpass'thé 
Sun, would perceptibly Weaken the velos 
| - 
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city. of its light, and thus augment ‘the 
extent of its aberration. This difference 
in the aberration of stars and their situa- 

| tion, observed at the moment of their 
transient splendor, the determination of 
all the changeable stars, and the periodical 
Yarlations of their lieht ; in a word, the 
‘mfetiong peculiar to all those great bodies, 
which, influenced by their mutual attrac- 
tion, and probably by their primitive im- 
| pulses, describe immense orbits, should, 
} relatively to the stars, be the princi ipal ob- 
jects of future astronomy. 
It appears that these stars, | far from 
being disseminated at distances. “nearly 
equal i in space, are united in various groups, 
each consisting of many millions of stars. 
Our Sun, and the most brilliant stars, pro- 
bably make part of one of: these groups, 
which, seen from the point wheré we are, 
seems to encircle the heavens, and forms 
the milky way. The great number of 
zutars which are seen at once in the field of 
- alarge telescope, directed towards ,titis 
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way, proves its immerse deptk,, which 
surpasses a thousand times the distagee of 
Serius from the Earth; as it recedes, it 
terminates, by presenting the appearance 
of a white and continued light, of smell 
dinmeter, for then, the irradiation which 
exists even in the most powerful t- 
lescopes, covers and obscures the inter 
vals between the stars. It is then pro- 
bable, that those nebule, without das- 
tinct stars, are groups of etars seen from 
a distance, and which, if approached, 
would present appearances similar to the 
milky way. 

Vhe retative distances of the stars which 
form each group, are at least a hundred 
thousand times greater than the distance 
of the Sun fromm the Earth. ‘hus, we 
may judge of the prodigious extent of 
these proups, by the number of stars Which 
are perceived in the milky way, if we af- 
terwards reflect on the small extent and 
“infinite number of nebule which are se- 
Parated from one another by an interval 
“incomparably greater than the relative 
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distance of the. stars of which they are 
formed ; the imagination, lost.in the im- 
-mensity of the universe, will have diffi- 
culty to conceive its bounds. : 

From these considerations, founded on 
telescopic observations, it follows, that ne- 
» bule, which appear so well defined, that 
* their centres can be precisely determined, 
tare, with regard to -us, the celestial ob- 
‘jects most fixed, and those to which it 1s 
best to refer the situation of all the stars. 
It follows then, that the motions of the 
bodies of our solar system are very com- 
plicated. ‘The Moon describes an orbit 
neatly ciseular around the Earth; but, 
seen from the Sun, she describes a series 
of epicycloids, of which the centres are 
on the circumference of the terrestrial 
orbit. In like manner, the Barth describes 
a series of epicycloids, of which the centres 
_ onthe arch which the Sun describes around 
the centre of gravity of our nebulz ; final-- 
ly, the Sun himself describes a series of 
picycloids, of which the centres are on 
the arch described by the centre of gra 
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vity of our nebule around tha cef*the 
universe, Astronomy has already made 
omt.great step-in making us acquainted. 
with the motion of the Earth, and the 
seties of epicycles which the Moon and 
the satellites describe upon the orbits of 
the planets. It remains to determine: the 
orbit of the Sun, and the centre of gravity 
of ite mebule ;. but, if ages are necessary 
to become acquainted with the motions of 
the planetary system, what. a prodigious 

duration of time will it require to deter- 
mine the motions of the Sun and stars? 
Observation begins to render them pers 
ceptible; an attempt has been_made to 
explain them by a change of position in 
the Sun, indicated by its rotatery motion, 
Many observations are sufficiently well 
explained, by supposing the solar system 
carried towards th ae onstellation Hercules. 

Other observatioi#* seem to prove, that 
these apparent motions of the stars are 
a combination of their real motion, 
with that of the Sun. Upon this subject?" 
~“finte will discover curious and important 
facis, 
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"Thege’still remains numerous discoverics 
to ba made in our own system, . The pla- 
net Uranus and its satellites, but lately 
skngwn to us, leaves room to susvect the 
existence of other planets, hitherto unob- 
herved. We cannot yet determine the 
sotatory motion, or the flattening of many 
of the planets, and the greatest part of 
their satellites. We know not, with suf- 
‘ficient precision, the density of all these 
bodies. The theory of their motions is 
@ series of approximations, whose con- 
vergence depends, at ihe same time, on 
the perfection of our instruments, and the 
progress 6f analysis, and which wast, by 
‘these means, daily acquire new degrees of 
correctness. By accurate and repeated 
measurement, the inequalities in the figure 
of the Earth, and the variation of weight 
on its surface, will be determined. The 
return of comets, alrcady observed, new 

comets which will appear, the @ppearance 
oe those, which, moving in hyperbolic 

‘orbits, can wander from svsfem to system, 

gm 
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the > disturbance ali those stars ex peMenc 

which, at the approach of a hee 
pene may entirely change their orbits, 
ag is conjectured, happened by the action 
of Jupiteron the comet of 1770; the rr 
cidents, that the proximity, and evéd the 
shock of these bodies, may occasion ‘M1 
the planets, aud in the. satellites; ined 
word, the changes which the motions, 
of the solar system experience, with yee 
spect to the stars; such are the prin- 
cipal objects which the system presents 
to astronomical researches, and futuré be- 
ometricians. 

Contemplated as one grand "Whole, as- 
tronomy is the most beautiful monument of 
the human mind; the noblest record of its 

| intelligence. Seduced by the illusions of 
the senses, and of self-love, man corisi- 
dered himself, for a long time, as the cell- 
tre of the motion of the celestial bodies, 
‘and his pride was justly punished by the 
vain terrors they inspired. The labour of 
~xeny ages has at length withdrawn the 
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veil which covered-the system. Man ap- 
pears, upon a small planet, almost imper-_ 
ceptible in the yast extent, of the solar 

| By¥atem, itself only an insensible point in 
the immensity of space. The sublime — 
results to which this discovery has led, 
may console him for the limited place 
aggiened him in the universe. Let. us 
carefully preserve, and even augment 
the number of these sublime discove- 
ries, which form the delight of thinking 
beings. 

They have rendered important services 
to navigation and astronomy ; but their 
great benefit has been the having dissi- 
. pated the alarms occasioned by extraor- 
dinary celestial phenomena, and destroyed 
the errors springing from the ignorance of 
our true relation with nature ; errors sa 
much the more fatal, as social order can 
only rest in the basis of these relations. 
Trurny, Justice ; these are its immutable | 
laws, Far from us be the dangerous 
: fmaxim, that it is sometimes useful Ag_. 
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mislead, ‘to deceive, anil ‘enslave nailing; 
to. _josure their happmess. Cruel expe 
rience has at all ‘tintes proved that with 
impunity, these sacred: laws can ‘never be 
infringed, — | 
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